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Abstract

Purpose of Review This article reviews recent updates in
the imaging for diagnosis and characterization of upper
extremity nerve entrapments (UENE). We examine in
detail the use of ultrasound and MRI, including state-of-
the-art techniques such as dynamic nerve motion assess-
ment, tissue elasticity measurement, and MR neurography.
Recent Findings Ultrasound and MRI are the two
advanced modalities most frequently used to assess UENE.
MRI remains technically challenging, though techniques of
MR neurography have steadily improved. Ultrasound is
operator-dependent, but has dynamic and realtime imaging
capabilities and no contraindications. New comparative
techniques of measurement and elasticity assessment show
promise for improved diagnostic accuracy.

Summary Up-to-date imaging techniques for peripheral
nerves in the upper extremity from the shoulder to the hand
are discussed, with a focus on the most common UENE
such as carpal tunnel syndrome and cubital tunnel syn-
dromes. Technical challenges and limitations are reviewed,
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Introduction

Upper extremity entrapment neuropathies (UENE) are a
relatively common cause of peripheral nerve pain, typically
caused by mechanical or repetitive impingement of a nerve
within a tight anatomic space or fibrous tunnel [1]. There
are many UENE which can involve peripheral nerves
ranging from the brachial plexus to small distal branches of
the radial, median, and ulnar nerves, and can be catego-
rized by affected nerve(s), the location of the entrapment or
compression, and the typical clinical presentation, sum-
marized in Table 1.

Various mechanisms of injury have been proposed to
explain the pathophysiology of UENE, a detailed discus-
sion of which is beyond the scope of this review [2—4]. In
general, the symptoms of UENE typically include pain or
paresthesias in the distribution of the involved nerve. In
chronic or severe cases, there can be more severe morbidity
including weakness, motor dysfunction, and muscle atro-
phy [1, 5]. Clinical examination, supplemented with elec-
trodiagnostic testing (electromyography, nerve conduction
studies) when necessary, is the most common initial
approach to UENE evaluation, although diagnosis is often
inconclusive [2, 6]. In these cases, imaging is the next step
in the diagnostic pathway.

The goals of imaging in the workup of UENE are to
detect and localize abnormal changes in nerves to help
stage the degree of nerve injury and to exclude more
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Table 1 Nerve entrapments in the upper extremity

Nerve involved Entrapment location

Clinical presentation

Shoulder and upper arm

Axillary (quadrilateral space syndrome) Quadrilateral space

Suprascapular

Brachial plexus (thoracic outlet
syndrome) space

Brachial plexus (crutch palsy)

Radial (spiral groove syndrome,
saturday night palsy)

Spiral groove

Elbow and forearm

Median (pronator syndrome)

Anterior interosseous
(AIN syndrome, Kiloh—Nevin syndrome)

Suprascapular notch, spinoglenoid notch
Interscalene triangle, costoclavicular

Axillary portion of brachial plexus

Between superficial (humeral) and deep
(ulnar) heads of pronator teres

Fibrous bands from proximal portion of
flexor digitorum superficialis, or

Shoulder pain/weakness localized to deltoid/teres
minor

Shoulder pain/weakness; rotator cuff/labral tear,
paralabral cyst

Typically vague. Pure nerve involvement disputed,
may overlap with vascular compression [42]

Transient paralysis, most commonly in radial nerve
distribution

Weakness, loss of supination, elbow flexion, and wrist
extension, with spared elbow extension [58]

Pain with repetitive activity, paresthesias in thumb and
index finger. May mimic carpal tunnel syndrome

Pure motor neuropathy, with inability to make “OK”
sign due to limited thumb IPJ flexion

anatomic variants e.g., anomalous head

of flexor pollicis longus.

Median Supracondylar (avian) process
(supracondylar process syndrome)
Radial Radial tunnel

(radial tunnel syndrome)
Posterior interosseous
(PIN syndrome)

Ulnar Cubital tunnel

Hand and wrist

Median Carpal tunnel

Ulnar
(Guyon’s canal syndrome,

Guyon’s canal

cyclist’s palsy)
Superficial Radial Distal forearm/wrist
(Wartenburg syndrome,

handcuff neuropathy)

Radial tunnel (arcade of frohse)

Pain/weakness in median nerve distribution through
forearm and hand

Radial forearm pain

Forearm extensor motor deficits. No significant sensory
abnormality

Pain, paresthesias, and weakness in ulnar two digits of
hand

Pain/paresthesias and/or weakness in 1st three digits,
hand, and wrist

Ulnar-sided wrist and small finger pain and weakness

Pain, numbness, and paresthesias over radial hand and
wrist

significant motor neuron disease [7¢, 8]. Even in routine
cases, imaging can offer a useful complement to physical
exam and electrodiagnostic studies [9]. Imaging can also be
useful to reveal space-occupying lesions, such as cystic or
solid masses or other abnormalities, that may compress the
involved nerve [7¢, 10].

This article will describe the current state of diagnostic
imaging for the assessment and characterization of UENE,
and review associated new and emerging techniques. The
first section on diagnostic technique focuses on a detailed
description of the strengths and weakness of the imaging
modalities themselves, while the second section assesses
more detailed evaluations of specific nerve entrapments
and anatomic areas of interest within the upper extremity.
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Diagnostic Techniques
Radiographs

X-rays have a relatively limited role in evaluation of
UENE, though they do have utility in the setting of acute
trauma and to delineate possible aberrant osseous anatomy,
such as a supracondylar process or osteochondroma
[11, 12].

Magnetic Resonance Imaging (MRI)

MRI provides excellent contrast resolution and soft tissue
detail, especially on newer high field strength scanners and
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modern receiver coils that allow acquisition of higher
spatial resolution while preserving signal-to-noise ratio
[13]. Although there is some variability in the literature
regarding the overall accuracy of MRI, certain findings
such as nerve contour or caliber changes and T2 or STIR
signal hyperintensity can directly relate to nerve pathology
[14, 15]. Muscle edema or fatty atrophy due to denervation
can also be visualized, though this is typically a late finding
in peripheral neuropathies [10]. Mapping these areas of
denervation edema can be extremely useful in character-
izing entrapment neuropathies, especially when the nerve
or site of impingement cannot otherwise be visualized
[16°]. Gadolinium-based contrast is not typically required
for nerve imaging; however, some studies have reported
the utility of dynamic contrast-enhanced examinations. In
the postoperative setting, when there is concern for re-
entrapment, abnormal nerve enhancement has been corre-
lated with abnormal findings on EMG [17].

Limitations of MRI include its generally high cost and
study length. Field of view may be restricted by coil
selection, permitting only partial visualization of peripheral
nerves. MRI also has limited capability for dynamic
imaging, which can lead to difficulty in diagnosing inter-
mittent or positional UENE.

Recent developments in MR imaging primarily include
advancements in MR neurographic (MRN) imaging tech-
niques [13, 18°—20]. While MRN has historically been used
to evaluate large nerve groups such as the sciatic nerve and
brachial plexus, wider availability of 3T scanners, as well
as improved receiver coils and parallel imaging techniques,
have made MRN more practical for peripheral nerves
[13, 18+]. Most MRN protocols are based on high-resolu-
tion axial 2D images, including both non-fat-suppressed
T1 W and fat-suppressed T2 W imaging to depict anatomy
and pathology, respectively [21¢]. 3D T2 W sequences,
yielding isotropic high spatial resolution as well as T2
contrast, are useful for longitudinal depiction of nerves and
also allow for additional reconstruction techniques, which
can improve visualization and demonstration of nerve
abnormalities [20, 21¢].

Alternate methods of MRN are based on diffusion
weighted imaging (DWI), which offers benefits including
increased nerve conspicuity, suppression of vascular sig-
nals, and quantitative measurements [13]. However, DWI-
based MRN can be technically challenging, with limited
SNR and spatial resolution [13, 19]. Diffusion tensor
imaging (DTI) is also based on DWI, and can be used to
characterize changes along nerve bundles and axons, ana-
lyzing the directional diffusion of free water protons and
the differences in diffusivity when parallel or perpendicular
to nerve fibers [20, 22]. To date, DTI has primarily been
used in the central nervous system, but is starting to be
explored as a tool for peripheral nerve evaluation; DTI

shows promise as a biomarker for axonal and myelin
sheath integrity and for its ability to potentially assess
nerve regeneration after injury [18°—20, 23]. Lastly, a new
sequence called diffusion weighted reversed fast imaging
with steady-state free precession (DW-PSIF) combines
elements of both T2 W and DWI and has been described as
having benefits in peripheral MRN because it can selec-
tively suppress fluid signal and vascular flow [24]. Espe-
cially when examining small nerves in the distal
extremities, DW-PSIF may offer benefits over T2 W
techniques as it can selectively suppress subcutaneous
edema [25].

Ultrasound

Sonography, particularly with newer high-resolution
transducers operating with frequency up to 18 MHz or
higher can readily demonstrate nerve architecture and
anatomy. In many cases, sonographic resolution is higher
than MRI and can highlight characteristic enlargement and
abnormal echogenicity within nerves. With improving
spatial resolution, enlargement of individual nerve fascicles
may also be evident, with caliber changes or abrupt
tapering of the nerve proximal to the level of entrapment.
Advantages of ultrasound include its relatively low cost
and dynamic capabilities, which may demonstrate nerve
compression or entrapment with real-time patient motion
[26]. Interrogating the contralateral side can also provide a
useful internal comparison or control. Color and power
Doppler techniques can be used to evaluate for vascular
flow and hyperemia that may be present in UENE, either
within or around nerves [27]. When appropriate, ultrasound
may be used to guide diagnostic or therapeutic injections to
targeted areas of entrapment, and has also shown promise
for intraoperative guidance [28].

Some limitations of ultrasound include difficulty pene-
trating into deeper tissues or through significant body
habitus. Calcifications, skin changes, or other soft tissue
abnormalities may inhibit acoustic transmission and inter-
fere with imaging. Musculoskeletal ultrasound also
remains relatively specialized and operator dependent, and
depending on local practice patterns, may not be available
at all institutions.

Advances in ultrasound include the increased use of
dynamic methods to assess nerve motion, as well as com-
parative methods that examine for changes in size between
different anatomic locations [29, 30, 31-33]. Dynamic
methods can demonstrate subluxation of the ulnar nerve
over the medial epicondyle with elbow flexion/extension,
which may contribute to ulnar neuropathy, and can also
visualize reduced median nerve motion within the carpal
tunnel [34, 35]. This has been postulated to occur as a
result of abnormal changes in the subsynovial connective
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tissue, and similar perineural changes have also been
observed [35, 36]. Comparative methods, either assessing
differences in nerve architecture between two anatomic
landmarks, or to the contralateral side, have shown
increased accuracy compared to standard measurement
techniques [30e, 32, 33].

Various sonoelastography techniques can non-inva-
sively measure tissue stiffness and elasticity and have also
shown promise for evaluating certain UENE [37°-39]. The
two most commonly used elastography techniques in
clinical practice are strain (compression) elastography and
shear wave elastography (SWE), which have seen a variety
of applications in musculoskeletal ultrasound, though
somewhat less commonly for nerve entrapments [39]. Both
techniques have shown some promise for evaluating the
median nerve in carpal tunnel syndrome [40, 41]. However,
elastography is not yet widely available in clinical scan-
ners, and questions about standardization of the interpre-
tation and display of data and the reproducibility and
reliability of the technique have yet to be answered [39].
Strain elastography, in particular, relies on repeated manual
compressions, which can be unreliable and technically
challenging [39].

Specific UENE
Shoulder and Upper Arm

In the shoulder and upper arm, the most commonly
encountered nerve entrapments involve the axillary nerve,
the suprascapular nerve, and the brachial plexus, with the
long thoracic and spinal accessory nerves more rarely
affected [42]. More distally in the upper arm, the radial nerve
can be entrapped at the level of the spiral groove [43].
MRI has generally been the modality of choice for eval-
uating UENE in these areas, both for direct nerve evaluation
and for characterizing patterns of muscle edema that may
relate to specific locations of nerve entrapment
[8, 42, 44-46¢]. Characteristic patterns of muscle edema
related to nerve entrapments at the quadrilateral space and
suprascapular/spinoglenoid notches are well described on
shoulder MRI [24]. MRI and MRN evaluation of the brachial
plexus has been available for many years, and steady
improvements in technology have allowed for better visu-
alization and detail of the brachial plexus [13, 42, 47]. MRN
brachial plexus protocols typically rely on high-resolution
fast spin echo (FSE) Tl1-weighted images for assessing
anatomic detail and STIR or FSE T2-weighted images for
assessing nerve pathology [13, 42, 47]. In particular, use of a
sagittal STIR sequence allows for comparison of dorsal
nerve roots at multiple levels, and isotropic 3D sequences
can be used to generate longitudinal images of the nerves in
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the brachial plexus or to create MIP images to emphasize
abnormalities [13]. DWI- and DTI-based techniques can
also be applied, and have shown some potential use in the
setting of neurogenic thoracic outlet syndrome, though they
should not replace standard anatomic MRN sequences
[20, 47]. DTI remains technically challenging for peripheral
nerve evaluation, though a recent report did show success
demonstrating radial nerve signal changes in acute com-
pression at the spiral groove [48].

Ultrasound of the brachial plexus can be performed
based on anatomic landmarks, from both a cervical and
axillary approach [42]. Sonography has been used for many
years to guide procedures, such as regional injections for
anesthesia, and similar procedures have been described as
therapeutic for neurogenic thoracic outlet syndrome
[47, 49, 50]. Although there have been few recent devel-
opments regarding the use of ultrasound in these areas, the
use of three-dimensional ultrasound to acquire a spatial
map of the brachial plexus has been previously described
and may have implications for procedural planning as 3D
and 4D ultrasound further develops [51].

Elbow and Forearm

In the elbow and forearm, the nerves prone to entrapment
include the ulnar nerve, the radial nerve, and its deep
branch which becomes the posterior interosseous nerve,
and the median nerve and its branch, the anterior inter-
osseous nerve (AIN).

MRI/MRN and ultrasound are both useful for ulnar
nerve evaluation, especially at the cubital tunnel, which is
the second most common site of nerve entrapment in the
upper extremity [24]. Direct findings of ulnar nerve injury
can be seen with both MR and ultrasound imaging,
including abnormal nerve signal/echotexture, edematous or
enlarged fascicles, and nerve displacement and/or angula-
tion. MRN also has utility assessing re-entrapment after
surgical transposition [24]. Although MRI is the most
commonly employed imaging tool in the diagnosis of ulnar
nerve entrapment, there are specific limitations at the
elbow related to patient positioning. Since the elbow typ-
ically must be scanned in extension in order to fit within
cylindrical extremity coils, dynamic compression of the
ulnar nerve due to dislocation over the medial epicondyle
or snapping triceps will not be well visualized [10, 34].

In contrast, ultrasound provides a dynamic field of view
through which the nerve can be traced along its entire
course and in various anatomic positions [32, 34]. Typical
ultrasound appearance of ulnar nerve entrapment in this
area, i.e., “cubital tunnel syndrome” are shown in Fig. 3.
Dynamic evaluation is also useful to demonstrate sublux-
ation or dislocation of the ulnar nerve over the medial
epicondyle, as seen in Fig. 4 [34]. Ultrasound has also
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shown nerve enlargement in ulnar neuropathy compared
with control subjects; some authors advocate comparison
with the patient’s contralateral asymptomatic nerve, while
others advocate comparison using a ratio of the cross-
sectional area at the location of maximal nerve swelling
relative to the cross-sectional area at a non-swollen loca-
tion [10]. A recent study of 25 patients found that cross-
sectional area measurements were significantly different
between patients with ulnar nerve entrapment and healthy
controls [32].

Although less common than ulnar nerve entrapment,
there are multiple additional sites of potential nerve
entrapments at the elbow. The most common include the
posterior interosseous nerve as it passes through the arcade
of Frohse (PIN syndrome), the median nerve as it passes
between the two heads of the pronator teres muscle
(pronator syndrome), and AIN syndrome, which has myr-
iad causes [10].

MRN findings in these entities also include direct signal
changes within the affected nerve at the area of entrapment,
as well as regional muscle denervation changes in the
forearm [24]. Sonography may reveal similar changes
characterized by hypoechoic edematous nerves, as well as
hyperemia of the nerve on color Doppler imaging [10].
While ultrasound currently has advantages in terms of
resolution for evaluating small peripheral nerve branches,
identification of the normal AIN may be difficult because
of the deep location and small size of the nerve [52].
Technological advances may allow MRN to increase its
diagnostic role in the future [24].

Hand and Wrist
Compression of the median nerve at the carpal tunnel

(carpal tunnel syndrome) is the most common and well
recognized peripheral entrapment neuropathy [1, 24, 53¢].

Ia0 100

SAX CARPAL TUNNEL

RIGHT MEDIAN NERVE

Fig. 1 A 44-year-old female with symptoms of carpal tunnel
syndrome in the right wrist. a Transverse sonographic image of the
median nerve at the level of the carpal tunnel shows abnormal
hypoechoic echotexture, with loss of normal nerve “honeycomb”

Distal branches of the ulnar nerve and superficial radial
nerve can also be compressed at the wrist.

MRI may show anatomic changes, such as signal and
caliber or contour changes, in the median nerve at the wrist
[5]. As in other areas of the upper extremity, MRI has
utility in excluding and/or characterizing an extrinsic mass
at the wrist. There has been increasing interest in using
MRN and in particular, DTT to evaluate the median nerve
at the carpal tunnel, though this continues to be technically
challenging and inter-subject variation remains high
[23, 54].

The median nerve in the carpal tunnel is well evaluated
with ultrasound and objective diagnostic criteria based on
nerve cross-sectional area and other sonographic features
have been established (Fig. 1). Overall, ultrasound is con-
sidered an accurate modality for diagnosis of carpal tunnel
syndrome, with a sensitivity and specificity of 87 and
83 %, respectively, characterized in a recent meta-analysis
[55]. Normal median nerve cross-sectional area typically
measures 0.08-0.11 cm? at the carpal tunnel, with
increased cross-sectional area, as well as changes in lon-
gitudinal displacement of the median nerve in the carpal
tunnel correlating with clinical symptoms of carpal tunnel
syndrome [26]. Change in cross-sectional area measured
between the median nerve at the level of the pronator
quadratus and at the level of the carpal tunnel has shown
promise as a sensitive and specific technique for assessing
median neuropathy, demonstrated in (Fig. 2) [30¢]. Cal-
culations involving the ratio and difference between med-
ian nerve measurements in these two locations have also
been recently shown to have utility in predicting CTS
severity, compared to nerve conduction studies [33]
(Figs. 3, 4).

Newer technologies involving sonoelastography tech-
niques appear to show some promise for improving the
ultrasound assessment of carpal tunnel syndrome,

SAX CARPAL TUNNEL

RIGHT MEDIAN NERVE

architecture. When best-fit ellipse (b) is drawn around the nerve at the
same level, cross-sectional area can be measured to give a quanti-
tative assessment of median neuropathy
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especially in early or subclinical cases where the median
nerve may not yet show caliber or contour changes.
Reports of success using both the strain-compression and
SWE methods have been described [37¢, 40]. Shear wave
elastography technique may have more clinical applica-
bility since it does not require as careful a manual com-
pression technique [37+, 40]. Nevertheless, some questions
about repeatability and reliability for these techniques still
exist, and there remains no good reference standard for
median nerve stiffness.

Other nerve entrapments at the wrist are relatively rare,
but include ulnar nerve compression at Guyon’s canal

B

Fra 10.0 MH2
Gn 32

S/A 272
Map H/0/0

D 25cm

DR 72
1 FR
AO

30 Hz
100 %

Cr-—
1C 135cm
A 0.12 cm2
d1 0.55cm
d2 0.28 cm

LEFT MEDIAN NERVE

Fig. 2 A 57-year-old female with clinical concern for carpal tunnel
syndrome. Transverse sonographic image demonstrates technique for
localizing the median nerve proximal to the wrist, at the level of the
middle third of the pronator quadratus (Pro Q). The pronator
quadratus can be identified in the distal forearm by recognizing
muscle fibers running perpendicular to the long axis of the arm.
Comparative measurements between the median nerve in this
location, and the carpal tunnel, have been shown to increase
diagnostic sensitivity [30°, 33]

LT UK AT THE CUEITAL TUNKEL SAX

Fig. 3 A 67-year-old male with clinical symptoms and EMG findings
of ulnar neuropathy. a Transverse sonographic image demonstrates
ulnar nerve enlargement and abnormal hypoechoic echotexture and
loss of normal fascicular architecture at the level of the cubital tunnel

@ Springer

(ulnar tunnel syndrome, cyclist’s palsy) and compression
of the superficial radial nerve (Wartenberg’s syndrome). In
general, imaging of these small peripheral nerve branches
can be difficult due to their small size, lack of objective
values for normal reference, and other conditions which
may mimic the diagnosis [32, 56]. Diagnosis is typically
clinical, but can be confirmed with ultrasound, as the
superficial locations of these nerves does allow good US
visualization [52, 57]. Ultrasound has intrinsically high
spatial resolution and, with small footprint high-resolution
(e.g., “hockey stick”) transducers, is easily adapted to
imaging peripheral anatomy, such as the hand and wrist.
Extrinsic masses, such as the commonly encountered
ganglion cyst, are easily demonstrated and characterized.
The dynamic capabilities of ultrasound can be useful in
assessment of abnormal motion or entrapment of small
peripheral nerves, and the contralateral side is readily
available for comparison. While secondary changes may be
absent or difficult to visualize, ultrasound has been
described as being able to see focal areas of nerve thick-
ening in the setting of Wartenberg’s syndrome [57].

MRI can be helpful to assess adjacent structures,
exclude osseous or soft tissue mass, and can provide
indirect evidence for compression if there is regional
edema in a nerve distribution [44]. However, performing
good-quality MRI and especially MRN of these small
distal peripheral nerves is not easy. Even with high field
strength, good receiver coils, and parallel imaging tech-
niques, MRI acquisition with a small enough field of view,
high enough resolution, and adequate SNR can be quite
challenging [18¢]. MRI or MRN findings in Wartenberg
syndrome, to our knowledge, have not been reported, and
given the purely sensory function of the superficial radial
nerve, indirect signs of compression (i.e., muscle edema or
atrophy) would not be expected to be seen on MRI [57, 58].

LT UNAT THE CUBITAL TUNNEL SAX

(arrows). Adjacent landmarks include the medial epicondyle (Me),
and the tip of the olecranon (Ol). b best-fit ellipse drawn around the
nerve confirms marked enlargement, with cross-sectional area mea-
suring 0.35 cm?
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Fig. 4 Ulnar nerve dislocation at the level of the elbow in a 44-year-
old female with posterior right elbow pain. Static images starting
from (a) extension and moving to (b) flexion demonstrate abnormal
displacement of the ulnar nerve (arrows) medially over the medial
epicondyle (Me). Although this finding can be present in

Conclusions

Upper extremity nerve entrapments represent a diverse
group of syndromes, many of which are quite common and
should be routinely encountered in clinical practice. Clin-
ical examination remains integral to the workup and
diagnosis, with imaging playing an important comple-
mentary role, especially when the presentation is compli-
cated or the diagnosis is uncertain. Ultrasound and MRI
continue to be the primary diagnostic tools for investigat-
ing UENE. Depending on operator comfort and experience,
US and MRI are generally interchangeable as diagnostic
tools, although there are advantages and disadvantages to
each in certain areas. Regardless of modality, detailed
anatomic knowledge is key to optimally planning and
performing these studies, and is crucial to recognizing and
delineating relevant nerve compression and secondary
pathophysiology.

New technological developments in ultrasound and MRI
show promise for improving diagnostic ease and accuracy.
Improvements in both modalities have allowed for steadily
improving spatial resolution, permitting imaging of smaller
and more peripheral areas of interest, essential for accu-
rately depicting the anatomy and pathophysiology of
peripheral nerve entrapments. Novel techniques such as
ultrasound elastography and DTI offer the potential to
reveal more physiologic information about peripheral
neuropathy. There is much work yet to be done, but con-
tinued investigation, development, and refinement of these
and other techniques should lead to further standardization
and more widespread acceptance of imaging techniques in

@CT
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asymptomatic population, it should be recognized and reported. It
should also be distinguished from snapping triceps syndrome, in
which the medial head of the triceps also moves abnormally with the
ulnar nerve over the medial epicondyle [34]

the workup and diagnosis of upper extremity nerve
entrapments.
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