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Diseases of the brachial and lumbosacral plexus are uncommon and complex. The diagnosis of plex-
opathies is often challenging for the clinician, both in terms of localizing a patient’s symptoms to the
plexus as well as determining the etiology. The non-specific clinical features and similar presentations
to other root, nerve, and non-neurologic disorders emphasize the importance of a high clinical index
of suspicion for a plexopathy and comprehensive clinical evaluation. Various diagnostic tests, including
electrodiagnostic (EDX) studies, neuroimaging (including ultrasound, MRI, or PET), serologic studies,
and genetic testing, may be used to confirm a plexopathy and assist in identifying the underlying etiol-
ogy. EDX testing plays an important role in confirming a plexopathy defining the localization, pathophys-
iology, chronicity, severity, and prognosis. Given the complexity of the plexus anatomy, multiple
common and uncommon NCS and an extensive needle examination is often required, and a comprehen-
sive, individualized approach to each patient is necessary. Treatment of plexopathies often focuses on
symptomatic management although, depending on the etiology, specific targeted treatments may
improve outcome. This article reviews the clinical features, EDX approaches, and evaluation and treat-
ment of brachial and lumbosacral plexopathies.
� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The brachial and lumbosacral plexi are complex peripheral ner-
vous system structures that serve the upper and lower limbs.
While the plexi are not the direct source of the neurons serving
the extremities, they contain the axons of neurons that originate
in the anterior horn cells, sympathetic and parasympathetic gan-
glia, or sensory receptors that are connecting the central nervous
system with the sensory and motor end organs. Direct trauma or
diseases may injure the nerves within plexi, either in isolation or
as part of involvement of the peripheral nervous system more dif-
fusely. Disorders involving the plexi are much less common than
those of other focal peripheral nervous system sites, such as
radiculopathies or mononeuropathies, but the clinical presenta-
tions may have similarities. Therefore, the evaluating and treating
physician must, first and foremost, maintain a high clinical suspi-
cion for a plexopathy in any patient presenting with upper or lower
limb neuropathic symptoms.

The diagnosis of plexopathies may pose challenges for the clin-
ician, both in terms of localizing a patient’s symptoms to the
plexus as well as determining the etiology. Many types of condi-
tions can involve the brachial and lumbosacral plexus, ranging
from direct penetrating or compressive trauma to immune-
mediated, inflammatory, or metabolic disorders to direct or indi-
rect effects of cancer or its treatment to other structural conditions.
Various diagnostic tests, including EDX testing, neuroimaging (ul-
trasound, computed tomography, MRI, or PET), laboratory testing,
and genetic testing, may be used to complement a comprehensive
and thorough clinical assessment and assist in identifying
etiologies.

This article reviews the brachial and lumbosacral plexus,
including the anatomy, EDX and neuroimaging studies used in
the evaluation of plexopathies, the clinical manifestations of dis-
eases involving the plexi, and the management of brachial and
lumbosacral plexopathies.
2. General pathogenesis of diseases affecting plexus

The type and degree of nerve injury within the brachial and
lumbosacral plexus depends on the mechanism and severity of
injury. The degree of nerve injury has been classified into three pri-
mary stages based on whether the injury involves only the myelin
sheath, the axon, or the structures that support the axon
(Sunderland, 1990). In mild or early lesions, such as occur with
nerve compression, distortion of the myelin may be the only
pathologic alteration, referred to as ‘‘neuropraxia. This pathologic
change cannot be identified clinically; however NCS may show
focal slowing, conduction block or increased temporal dispersion
across the site of compression. Since the axons themselves are
not injured, recovery may occur rapidly if the compression is
removed, and the prognosis is overall favorable. Unfortunately,
most injuries to the plexus are more severe and injure the axons
and often the supporting structures, called ‘‘axonotmesis” or ‘‘neu-
rotmesis”. In these cases, Wallerian degeneration of the nerve seg-
ments results in prolonged effective recovery and portends a less
favorable prognosis.
3. The brachial plexus

3.1. Anatomy

The brachial plexus is the intertwining group of nerves coursing
through the neck, shoulder, and axilla. The brachial plexus is
derived from the distal root components in the neck and extends
into the axilla. As it courses through the shoulder and upper arm,
the brachial plexus divides into roots, trunks, divisions, cords,
and terminal nerves (Fig. 1). The axons that course through the
plexus innervate all muscles in the upper extremity and supply
sensation to the entire upper limb. When evaluating patients with
suspected brachial plexopathy, a solid knowledge of the anatomy
of each of the components and the innervation of individual mus-
cles by specific trunks and cords is essential for the physician to be
able to reliably localize a lesion (Table 1).

3.1.1. Roots
The brachial plexus is derived from the anterior primary rami of

the C5 through T1 roots in most individuals. Approximately 5% of
individuals have contributions from the C4 (‘‘pre-fixed”) or T2
(‘‘post-fixed”) roots. Each individual root divides into a posterior
primary ramus, which does not course through the plexus but
innervate the paraspinal muscles, and a ventral primary ramus,
which course into the plexus. Although not technically part of
the ‘‘plexus”, the roots contain the fibers connecting the spinal cord
and plexus and in some disorders, such as trauma, infiltrative dis-



Table 1
Innervation of upper limb muscles by brachial plexus trunk, cord, and terminal nerve.

Upper Trunk (C5-6) Middle Trunk (C6-7–8) Lower Trunk (C8-T1)

Levator scapulae (DSc) Rhomboid major
(DSc)
Serratus anterior (LgTh)

Supraspinatus (SSc)
Infraspinatus (SSc)

Lateral cord Biceps (MC)
Brachialis (MC)
Coracobrachialis (MC)
Pectoralis major (clavicular)
(LPect)

(Coracobrachialis) (MC)
Pronator teres (M)
Flexor carpi radialis (M)

Posterior
cord

Brachioradialis (R)
Brachialis (MC,R)
Supinator (R)
Deltoid (Ax)
Latissimus dorsi (ThD)
Teres major (SubSc)
Teres minor (Ax)
(Triceps) (R)

Triceps (R)
Anconeus (R)
Extensor carpi radialis (R)
Extensor digiti communis
(R)
Extensor carpi ulnaris (R)
Latissimus dorsi (ThD)

Extensor indicis proprius (R)
Extensor carpi ulnaris (R)
Extensor pollicis longus (R)
Extensor digitorum communis
(R)
Extensor carpi ulnaris (R)
Latissimus dorsi (ThD)
(Triceps) (R)

Medial cord Abductor pollicis brevis (M)
Opponens pollicis (M)
First dorsal interosseous (U)
Abductor digiti minimi (U)
Flexor carpi ulnaris (U)
Flexor digitorum profundus (M,
U)
Flexor pollicis longus (M)
Pectoralis major (sternal)
(MPect)
Pronator quadratus (M)

Ax – axillary nerve; DSc – dorsal scapular nerve; LgTh – long thoracic nerve, LPect – lateral pectoral nerve; M – median nerve; MPect – medial pectoral nerve; MC –
musculocutaneous nerve; R – radial nerve; U – ulnar nerve; SSc – suprascapular nerve; SubSc – subscapular nerve; ThD – thoracodorsal nerve.

Fig. 1. The brachial plexus. (Used with permission of Mayo Foundation for Medical Education and Research, all rights reserved.)
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eases, radiation injury, or inflammatory disorders, may be injured
along with other segments of the plexus.

Since the roots are shorter, unprotected by adherent dura or
epineurium, and are less ‘‘interwoven” within the nerve sheath,
they are more susceptible to traction injury than the plexus. Sev-
eral individual nerves branch directly off of the roots prior to the
formation of trunks of the brachial plexus, including the: (1) long
thoracic nerve to the serratus anterior muscle (from the C5-7
roots), (2) dorsal scapular nerve to the rhomboid muscles and leva-
tor scapulae (from the C4-5 roots), (3) the nerve to the subclavian
muscle (from the C5-6 roots), and (4) phrenic nerve (from the C3-5
roots) to the diaphragm.
3.1.2. Trunks
‘‘The anterior primary rami of the roots course distal in the neck

and join to form three trunks in the supraclavicular fossa at the lat-
eral border of the anterior and medial scalene muscles: upper
(formed by the C5 and C6 roots), middle (formed predominantly
by the C7 root with some contribution from C6 and C8), and lower
(formed by the C8 and T1 roots) (Fig. 1). The trunks are located in a
relatively superficial region in the lower anterior aspect of the pos-
terior triangle in the neck, thereby increasing their susceptibility to
traction and penetrating injuries. The suprascapular nerve (inner-
vating the supraspinatus and infraspinatus) branches directly off
of the upper trunk” (Rubin, 2008).
3.1.3. Divisions
Each of the trunks divides into two primary divisions – an ante-

rior and posterior division – just beneath the clavicle (Fig. 1).
Lesions that involve the roots and/or trunks (proximal to the divi-
sions) are considered to be ‘‘supraclavicular” lesions, and those that
involve the cords or terminal nerves (distal to the divisions) are
considered to be ‘‘infraclavicular” lesions. Distinction between
supraclavicular and infraclavicular lesions has important implica-
tions in etiology and potential severity and prognosis. ‘‘Supraclav-
icular plexopathies are more common than infraclavicular
plexopathies, and are less likely to demonstrate complete recovery
in severe injury than infraclavicular lesions. Although most etiolo-
gies of plexopathies can affect any region of the plexus, some dis-
orders are more likely to affect the supraclavicular (e.g. stretch
injuries, thoracic outlet syndrome, post-sternotomy surgery, neo-
plasms) or infraclavicular portions (e.g. humeral head fractures,
penetrating injuries, radiation, neurovascular injuries)” (Rubin,
2008).
Table 2
Disorders that May Mimic Brachial Plexopathy.

Brachial Plexopathy

Cervical radiculopathy
Upper extremity mononeuropathy
Mononeuritis multiplex
Multifocal motor neuropathy with conduction block
Amyotrophic lateral sclerosis
Cervical cord lesion (e.g transverse myelitis)
Orthopedic (shoulder) disorders (e.g. rotator cuff injury, acute calcific

tendinitis, adhesive capsulitis)
3.1.4. Cords and terminal nerves
‘‘The divisions from the upper, middle, and lower trunks join to

form three cords – the lateral, medial, and posterior cords - at the
level of the proximal axilla (Fig. 1). The cords are named according
to their anatomic relationship to the second portion of the axillary
artery, which they surround. The cords are the longest component
of the brachial plexus. Each cord terminates in one or more individ-
ual nerves” (Rubin, 2008).

The main terminal branches of the brachial plexus are the
nerves serving the upper extremity. These include those arising
from the medial cord (medial antebrachial cutaneous nerve, ulnar
nerve, and medial portion of the median nerve), the lateral cord
(musculocutaneous nerve and lateral portion of the median nerve),
and posterior cord (axillary nerve, radial nerve, and thoracodorsal
nerve). The medial pectoral nerve is also a branch of the medial
cord, and the lateral pectoral nerve of the anterior divisions of
the upper and middle trunks or lateral cord; these nerves innervate
the pectoralis major and minor muscles.
3.1.5. Neighboring structures
‘‘The brachial plexus is a vulnerable structure due to its length

and relationship to surrounding structures. The lung apex, lymph
nodes, bones (clavicle and ribs), and major vessels may all be sites
of disease which may primarily or secondarily extend toward and
involve the brachial plexus. In addition, the plexus is susceptible to
injury by traction due to mobility of the neighboring shoulder
joint, shoulder girdle, and neck” (Rubin, 2008).

3.2. Clinical features of brachial plexopathies

The clinical features of brachial plexopathies depend on the
temporal course of the disease, site of involvement, and etiology.
Furthermore, the symptoms and signs are not specific to the plexus
and may be seen with other neurogenic (e.g. roots or individual
nerves) and non-neurogenic disorders (Table 2).

3.2.1. Timing of injury
Symptoms of brachial plexopathy can present with rapid onset

(such as immediately following a high speed vehicular accident or
other traumatic injury), subacutely (such as over days to weeks in
neuralgic amyotrophy), or slowly (such as over months to years in
neurogenic thoracic outlet syndrome or radiation-induced injury).
Regardless of the timing, most patients have variable degrees of
pain, sensory disturbance, and weakness.

3.2.2. Pain
Pain is a common and prominent symptom in patients with bra-

chial plexopathies. The pain may be severe, and may be experi-
enced as a ‘‘deep”, ‘‘aching”, or ‘‘burning” quality. The location of
the pain reflects the portion of the plexus injured and often
involves the shoulder or upper arm in upper trunk injuries and
the distal arm or hand in lower trunk injuries, although patients
may not be able to distinctly localize the pain. In some conditions,
such as Parsonage Turner syndrome, pain may be worsened by
movement of the arm. Unlike radiculopathies, maneuvers that
increase intracranial pressure, such as Valsalva, do not typically
worsen pain.

3.2.3. Sensory loss and paresthesias
Loss of sensation or positive sensory symptoms (e.g. tingling,

prickling, or other sensory symptoms) is common, but is often
overshadowed by pain. The distribution of sensory loss reflects
the site(s) of injury to the plexus.

3.2.4. Weakness
One of the most devastating manifestations of brachial plex-

opathies is weakness, which may be severe and significantly
impact the patient’s ability to functionally use the arm. The distri-
bution of weakness reflects the site of plexus involvement and may
be highly localized or patchy and incomplete. Injury to the upper
trunk usually manifests with proximal arm weakness, whereas
lower trunk lesions involve the hand. Depending on the patho-



Table 3
Nerve conduction studies that may be abnormal based on site of brachial plexus
involvement (recording site in parentheses).*

Upper Trunk Middle Trunk Lower Trunk

Suprascapular
motor (SSp, InfSp)

Lateral
Cord

Lateral
antebrachial
sensory (forearm)
Median sensory
(thumb)
Median sensory
(index finger)
Musculocutaneous
motor (biceps)

Median
sensory
(index)
Median
sensory
(middle)

Posterior
Cord

Radial sensory
(dorsal hand)
Axillary motor
(deltoid)

Radial
sensory
(dorsal hand)
Radial motor
(EDC)

Radial motor (EIP)

Medial
Cord

Ulnar sensory (5th digit)
Dorsal ulnar cutaneous
sensory (dorsal-ulnar
hand)
Medial antebrachial
sensory (forearm)
Median motor (APB)
Ulnar motor (ADM, FDI)

*Abnormalities occur when significant axonal loss. Side-to-side comparison may be
necessary to detect abnormality.
ADM – abductor digiti minimi; APB – abductor pollicis brevis; EIP – extensor indicis
proprius, EDC – extensor digitorum communis; FDI – first dorsal interosseous; InfSp
– infraspinatus; SSp – supraspinatus.
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physiology, severity, and timing of the clinical examination in rela-
tionship to the onset of symptoms, atrophy may also be present.

3.2.5. Non-neuromuscular features
Other non-neuromuscular features may be present in patients

with some types of brachial plexopathies, such as a Horner’s syn-
drome in lower trunk plexopathies or those involving the T1 root.

3.3. General evaluation of brachial plexopathies

3.3.1. Clinical history and examination
The evaluation of patients with suspected brachial plexopathies

begins with a comprehensive history and examination. The patient
should be asked about the timing of symptom onset, such as
whether the symptoms began abruptly over minutes, subacutely
over hours or days, or chronically over weeks to months. Other
important historical features include a history of trauma, recent
immunizations, and co-morbid medical conditions including can-
cer or a history of radiation to the chest or shoulder region, and
the presence of systemic medical diseases. While hereditary bra-
chial plexopathies are rare, the patient should be questioned about
the presence of plexopathies (or unusual radiculopathies, which
may be misdiagnosed plexopathies).

The clinical examination should include a detailed motor and
sensory examination, paying special attention to the distribution
of weakness, reflex changes, and sensory loss in the arm. The pres-
ence of a Horner’s syndrome, supraclavicular Tinel’s sign, or mass
or fullness in the supraclavicular region may be additional clues
to localization to the brachial plexus.

Since clinical symptoms and signs are not specific to brachial
plexopathies and can occur with radiculopathies or single or mul-
tiple mononeuropathies, other ancillary tests, including EDX stud-
ies, are usually necessary to assist in the confirmation of a brachial
plexopathy (Wilbourn, 1985). Furthermore, determining the etiol-
ogy of brachial plexopathies may require additional tests, such as
imaging of the plexus.

3.3.2. Electrodiagnostic testing
EDX testing utilizing a combination of nerve conduction studies

(NCS) and needle electromyography (EMG) is a valuable and neces-
sary component of the evaluation of brachial plexopathies. EDX
testing helps to (1) confirm localization to the brachial plexus
while excluding (or identifying) radiculopathies or mononeu-
ropathies, (2) identify the segment(s) of the plexus involved, (3)
define the pathophysiology of nerve injury (e.g. axonal or demyeli-
nating), (4) determine the degree of axon loss, and (5) assess for
evidence of reinnervation or recovery of the nerves. While in most
cases EDX testing does not determine the etiology of the plexopa-
thy, occasionally specific findings may point towards a possible
cause. In evaluating a brachial plexopathy, both NCS and needle
EMG provide these types of information (Ferrante, 2012a;
Strakowski, 2013).

The distribution of EDX findings may be focal and precisely
determine the site of involvement within the plexus, such as the
lower trunk in neurogenic thoracic outlet syndrome, or patchy
and variable within the plexus or its branches, such as in Parsonage
Turner syndrome. Therefore, thorough and extensive EDX testing is
often necessary in patients with brachial plexopathies. Tables 1
and 3 can be used as guides to selecting tests and understanding
the pattern of findings based on localization (Tables 1 and 3).

3.3.2.1. Motor nerve conduction studies. Motor NCS assess the pres-
ence and degree of axonal loss and, much less commonly, may
identify focal demyelination within the plexus. Low compound
muscle action potential (CMAP) amplitudes in muscles innervated
by the involved nerve segments within the plexus are the typical
findings, but these are not specific and may also be seen with
any lower motor neuron disorder, including those involving the
roots or individual peripheral nerves. An abnormality on any indi-
vidual NCS may be present if that nerve branches from the portion
of the plexus involved in the underlying disease process (Table 3).
The most common and routinely performed motor NCS – median
(recording from the thenar muscles) and ulnar (recording from
the hypothenar muscles) – may demonstrate abnormalities in
lower trunk or medial cord lesions, whereas less commonly per-
formed motor NCS, including musculocutaneous, axillary, or
suprascapular, may show changes in upper trunk lesions. While
focal demyelination is less common in brachial plexopathies, the
presence of conduction block or abnormal temporal dispersion
may be seen with Erb’s point or direct root stimulation (Fig. 2).

3.3.2.2. Sensory nerve conduction studies. The findings on sensory
NCS help to distinguish a post-ganglionic (brachial plexus) lesion
from a preganglionic (cervical root) lesion. In brachial plex-
opathies, abnormal sensory NCS responses (typically low ampli-
tudes or absent responses) occur as a result of Wallerian
degeneration of the sensory axons that have been injured or sepa-
rated from the dorsal root ganglia in the neural foramen. Many dif-
ferent sensory NCS can be performed in the arm to help localize the
site(s) of plexus involvement, including median, ulnar, radial, and
medial and lateral antebrachial cutaneous (Table 3).

3.3.2.3. Needle electromyography (EMG). Needle EMG is used in con-
junction with NCS to further help localize a brachial plexopathy as
well as define the severity and degree of axonal loss and reinnerva-
tion. Needle EMG abnormalities are seen in muscles supplied by
the portion(s) of the plexus involved, although muscles supplied
by the same segment of the plexus may be involved to different
degrees. Cervical paraspinal muscles are spared in pure brachial
plexopathies, but involvement of the paraspinals in the context
of other findings of a brachial plexopathy may indicate a process



Fig. 2. Ulnar motor NCS with stimulation through the brachial plexus in a patient with a medial cord brachial plexopathy, demonstrating a focal conduction block between
Erb’s point and the upper arm.

178 D.I. Rubin / Clinical Neurophysiology Practice 5 (2020) 173–193
involving both the roots and plexus (‘‘radiculoplexus neuropathy”),
such as can occur in trauma or inflammatory conditions.

Needle EMG findings include fibrillation potentials/positive
sharp waves, when axonal loss without complete reinnervation
has occurred, and various motor unit potential (MUP) abnormali-
ties, depending on the time course of the disease in relation to
the timing of the EMG (Daube and Rubin, 2009). In acute injuries,
reduced recruitment of MUPs may be the only finding; in subacute
to chronic conditions when reinnervation is in progress, increased
MUP polyphasia, amplitude, and duration are seen. In very severe
brachial plexopathies associated with severe loss of axons, volun-
tary MUPs may be absent or, if there is early, minimal reinnerva-
tion, ‘‘nascent” MUPs may be recorded (Borenstein and Desmedt,
1980). In some cases of severe, longstanding upper trunk brachial
plexopathies, aberrant reinnervation by the phrenic nerve or upper
cervical roots to proximal upper extremity muscles may produce a
respiratory pattern of firing (sometimes referred to as a ‘‘breathing
arm”) (Swift et al., 1980; Friedenberg and Hermann, 2004;
Schwarz, 1965).

While the needle EMG findings do not usually assist in defining
the etiology, in rare instances specific findings can provide a clue to
the etiology; for example, myokymic discharges are frequently
present in radiation plexopathies (Harper et al., 1989; Krarup and
Crone, 2002; Lederman and Wilbourn, 1984).
3.3.3. Imaging of the brachial plexus
Depending on the clinical scenario, imaging studies are neces-

sary to identify possible compressive structural causes, neoplastic
infiltration, or abnormalities in the size or signal of the plexus
structures that may be indicative of diseases. In traumatic plex-
opathies, imaging studies are also important to assess for root
avulsion or hematoma compressing the plexus. Various imaging
modalities are used to assess brachial plexopathies, including rou-
tine radiographs, computed tomography (CT), magnetic resonance
imaging (MRI), magnetic resonance neurography, ultrasound, and
myelography, and each has benefits and limitations.

Routine chest radiography is useful to assess for a cervical rib in
patients with suspected neurogenic thoracic outlet syndrome;
however, chest X-rays do not adequately visualize the plexus.
Computed tomography (CT) or magnetic resonance imaging
(MRI) can assess for structural lesions with in the brachial plexus.
CT is most useful at identifying a hematoma or soft tissue mass,
and, in conjunction with myelography, may identify a pseu-
domeningocoele indicating root avulsion following trauma (Fig. 3).

MRI is the imaging study of choice to evaluate the brachial
plexus. Standard MR imaging of the plexus includes T1 and fluid
sensitive sequences, along with other fat suppression techniques.
MR neurography, optimizing the evaluation of the nerve struc-
tures, allows for even better assessment of the plexus (Mazal



Table 4
Categories of Diseases of the Brachial or Lumbosacral Plexopathy.

Category Examples

Trauma High velocity
Penetrating
Birth

Inflammatory Neuralgic amyotrophy
Hereditary neuralgic amyotrophy
Diabetic lumbosacral radiculoplexus neuropathy
Non-diabetic lumbosacral radiculoplexus neuropathy

Neoplastic Metastatic disease
Primary nerve tumors (e.g. schwannoma)

Radiation
Structural Neurogenic thoracic outlet syndrome

Post-median sternotomy compression
Psoas hematoma or abscess

Fig. 3. Myelogram and computed tomography demonstrating large pseudomeningocoele (arrows) from traumatic C7 root avulsion.
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et al., 2020). A variety of findings may be seen within the brachial
plexus on MRI, including increased T2 signal intensity, focal or dif-
fuse enhancement, or enlargement or edema of nerve segments
(Crim and Ingalls, 2017). Furthermore, signal abnormalities or
atrophy in muscles supplied by the brachial plexus can help sup-
port a plexopathy. MRI is more sensitive than CT at identifying sub-
tle infiltrative lesions regions or areas of enhancement. The
sensitivity of MR neurography in brachial plexopathies is variable;
one study of 43 patients with suspected brachial plexopathy who
underwent MR neurography reviewed by two different radiologists
found a sensitivity of 41–71%, with a high specificity (98–100%) for
identifying brachial plexopathy (Crim and Ingalls, 2017). Other
functional imaging techniques to better evaluate the brachial
plexus, such as magnetoneurography, are being developed
(Watanabe et al., 2019).

Neuromuscular ultrasound is evolving as a technique that may
efficiently screen the brachial plexus for structural etiologies, espe-
cially at the time of the EDX evaluation. Standardized neuromuscu-
lar ultrasound approaches to evaluating the brachial plexus have
been published (Baute et al., 2018). Ultrasound allows visualization
of associated neural, muscular, vascular, and adjacent structures as
well as allows for static imaging and dynamic assessment to deter-
mine the effect of various maneuvers and positions, including com-
pression (Baute et al., 2018).

3.3.4. Laboratory studies
Depending on the temporal course and suspected etiology, lab-

oratory testing may be helpful to evaluate suspected systemic
medical disorders that may involve the plexus. In many instances,
laboratory testing is not necessary, such as in traumatic plex-
opathies or those associated with radiation injury. However,
inflammatory plexopathies can occur as part of a systemic meta-
bolic disease or connective tissue disease; therefore, testing for
conditions such as impaired glucose metabolism or diabetes, con-
nective tissue diseases, systemic vasculitis, or, rarely, infectious
disorders may be useful.

3.4. Specific disorders involving the brachial plexus

Many conditions may cause dysfunction the brachial plexus
(Table 4) (Ferrante, 2004). The evaluation, treatment, and progno-
sis vary widely between the diseases as well as between patients
with the same disease. Classic causes of brachial plexopathies in
adults include trauma, inflammatory brachial plexitis (i.e.
Parsonage-Turner syndrome or neuralgic amyotrophy), hereditary
brachial plexus neuropathy due to SEPT9mutation, neoplastic infil-
tration or radiation induced plexopathy, and neurogenic thoracic
outlet syndrome. In the neonatal or pediatric population, Erb’s or
Klumpke’s palsies are the most common causes. The clinical and
EDX features of the more common causes of plexopathies will be
reviewed.
3.4.1. Trauma
3.4.1.1. Erb’s and Klumpke’s Palsies. Brachial plexopathies may
occur in the neonatal period as a result of compression of the
plexus in utero or at the time of complicated childbirth. Brachial
plexus injuries have been classified according to the root distribu-
tions involved – C5/6 roots/upper trunk (Erb’s palsy) causing biceps
and deltoid weakness and ‘‘waiter’s tip” posture of the arm; C5-6-7
roots, causing proximal arm as well as elbow and wrist extensor
weakness; or C8/T1 roots/lower trunk (Klumpke’s palsy) causing
hand weakness (Gilbert and Tassin, 1984). In more severe cases,
the entire armmay be involved. Upper plexus (Erb’s palsy) involve-
ment is most common while lower plexus (Klumpke’s palsy) is
rare. The site of plexus involvement has important prognostic fac-
tors as approximately 90% of upper plexus involvement have com-
plete spontaneous recovery while the recovery rate decreases
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substantially to <50% when the lower plexus is involved (Yang,
2014).

The diagnosis is usually clinically apparent with reduced move-
ment of the involved arm and or hand at birth or in the early
neonatal period. A careful neurologic examination assessing active
and passive movements of the arms and response to noxious stim-
uli may help identify the pattern of weakness. EDX testing can help
to determine the timing of the injury; if needle examination per-
formed early in the neonatal period demonstrates long duration
MUPs, the injury more likely occurred in utero rather than the
result of birth trauma (Pitt and Vredeveld, 2005). More impor-
tantly, needle EMG testing, in conjunction with side-to-side com-
parison NCS, can be used to determine the degree of
reinnervation and prognosis, which may be useful in considering
and guiding the decision on whether to perform nerve transfer sur-
gical procedures (Heise et al., 2004; Spires et al., 2012; Van der
Looven et al., 2020). A recent systematic review of the role of
EDX testing in the management of neonatal brachial plexopathy
concluded that, while there is a paucity of high-quality studies in
the literature, the findings from existing studies support the role
of electrodiagnosis in estimating prognosis (Van der Looven
et al., 2020). The presence and degree of voluntary MUPs generally
correlates with clinical recovery, although in some cases may over-
estimate the degree of functional recovery (Sacco et al., 1962;
Heise et al., 2007; Sherburn et al., 1997). Imaging of the plexus
with MRI or CT myelography may be helpful to assess for root
injury or avulsion, identify other structural lesions that may
involve the plexus, and occasionally identify abnormalities within
the plexus.

Treatment depends on the severity of injury, site of plexus
involvement, and degree of reinnervation. Treatment consists of
early rehabilitation with physical and occupational therapy to pre-
vent contractures (Yang, 2014). Surgical reconstruction is utilized
to improve functional movements of the arm or hand when spon-
taneous functional recovery does not occur. Strategies include neu-
rolysis and nerve grafting or nerve or muscle transfers. The timing
of surgery varies but is usually delayed at least 3–4 months to
allow for assessment of spontaneous recovery, and is typically per-
formed prior to 9 months (Borschel and Clarke, 2009; Bertelli and
Ghizoni, 2004a, 2004b; Haerle and Gilbert, 2004; Pondaag and
Malessy, 2006; Yang, 2014).

3.4.1.2. Blunt and penetrating trauma. One of the most common
causes of brachial plexopathies is blunt or penetrating trauma,
with high velocity accidents being most frequent (Moghekar
et al., 2007). Stretch injuries account for up to 50% of all traumatic
plexopathies (Kim et al., 2003). Most involve forceful lateral devi-
ation of the head away from a depressed shoulder, and most
stretch injuries involve the supraclavicular portions of the nerves
(roots and trunks) although infraclavicular zone injuries (involving
divisions, cords, and terminal nerve branches) are not uncommon
(Kim et al., 2003; Bertelli et al., 2017; Moghekar et al., 2007). While
the upper trunk and middle trunks are most frequently involved,
about 50% of traumatic plexopathies involve all levels of the plexus
(Kim et al., 2003; Bertelli et al., 2017; Moghekar et al., 2007). Pen-
etrating trauma frequently causes infraclavicular nerve injuries
with a more even distribution of levels affected and fewer total
components injured than with stretch injuries (Chuang et al.,
1998; Kim et al., 2003).

In some instances, injury to the root (e.g root avulsion) may
occur at the same time as injury to the plexus. Determining
whether the patient has root avulsion with or without involvement
of the plexus is important as it impacts the decisions on potential
surgical interventions that may be offered to improve recovery or
function. The presence of injury to the cervical spine bone struc-
tures or the spinal cord may raise the possibility of root avulsion.
EDX testing is used to identify whether the injury has involved
the root and/or plexus, and localize the root(s) or plexus segments
involved. However, EDX findings may be confounded by injury to
both the roots and the plexus. Preserved sensory NCS responses
in the context of sensory loss, and needle EMG abnormalities in
cervical paraspinal muscles are consistent with a preganglionic
root lesion, but concomitant plexus injury cannot be excluded
(Robinson, 2015; Bunnell and Kao, 2018). Abnormal sensory
responses and the absence of needle EMG findings in paraspinals
suggest injury only to the plexus. EDX testing is not only per-
formed to localize the injury to the plexus and/or roots but also
useful in the evaluation of patients for surgical intervention. The
EDX findings help to determine severity and prognosis and
whether the nerve appears to be intact, based on the degree of den-
ervation and the presence of any voluntary MUP firing in a muscle.
In patients who may be candidates for surgical intervention, such
as nerve transfer procedures, EDX testing helps to identify appro-
priate donor nerves for transfer.

The timing of the performance of the initial EDX study following
trauma is important. The study should be conducted at least three
weeks following the injury to allow for the development of EDX
abnormalities, such as the emergence of fibrillation potentials/pos-
itive sharp waves and alterations in NCS. Early after an axonal
injury (e.g. approximately 7–10 days) the CMAP amplitude
decreases proportional to the degree of axonal loss and, thus, can
be an estimate of the severity of the injury and prognosis. Low-
amplitude or unobtainable CMAPs indicate more severe distal Wal-
lerian degeneration and likely indicate progressively poor prog-
noses (Robinson, 2015; Bunnell and Kao, 2018). After
approximately 3 months, however, reinnervation may result in
an increase in the CMAP amplitude, which may overestimate the
proportion of preserved axons. The presence and severity of fibril-
lation potentials/positive sharp waves indicates denervation but is
of limited prognostic value. The presence of voluntary motor unit
activation and relative preservation of recruitment indicates that
the nerve is in continuity with the muscle and also estimates axon
preservation. Normal or near normal recruitment patterns indicate
better prognosis whereas discrete recruitment or a lack of volun-
tary activation indicates poor prognosis (Impastato et al., 2019).

In addition to EDX testing, imaging is necessary to assess the
root and plexus structures, and to confirm root avulsion. Computed
tomographic (CT) myelography has been a standard imaging
modality used to detect root avulsion, and has the advantage of
not only detecting preganglionic lesions, but also identifying cervi-
cal spine bone abnormalities such as fractures (Fig. 3). Because CT
myelography is an invasive procedure and requires contrast
administration and exposure to radiation, MRI imaging has become
a commonly used modality to assess for avulsion. MRI has the
advantage of assessing the neural structures in the brachial plexus
in addition to the roots distal to the neural foramen, and can also
identify hematomas and other soft tissue or muscle injuries. In
comparing CT myelography with MRI, early studies found that CT
myelography was more accurate than MRI (85% vs 52%) at identi-
fying intradural root avulsions (Carvalho et al., 1997). In a system-
atic review comparing the diagnostic accuracy of the two
modalities, high diagnostic sensitivities (82–91%) and specificities
(92–100%) of MRI in detecting root integrity or pseudomeningoce-
les were found, but the high or uncertain risk of bias in the studies
limited the comparison of MRI with CT myelography (Fuzari et al.,
2018). Another recent systematic review and meta-analysis of MRI
compared to surgical exploration in detecting root avulsion in trau-
matic adult brachial plexopathies found a mean sensitivity of 93%
(95% confidence interval of 77–98%) and mean specificity of 72%
(95% confidence interval of 42–90%), concluding that MRI offers
‘‘modest” diagnostic accuracy for traumatic brachial plexus root
avulsion (Wade et al., 2019). Ultrasound is a simple, non-invasive
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imaging tool that can assess peripheral nervous system structures.
Studies comparing the sensitivity and specificity of ultrasound
compared to surgical exploration in traumatic brachial plexus inju-
ries were systematically reviewed and found high sensitivities
(93–95%) in injuries involving the C5-C7 roots, but lower sensitiv-
ities (56–71%) in the C8 and T1 root injuries (Chin et al., 2018).

Treatment of traumatic brachial plexopathies is challenging.
Treatment includes a multi-disciplinary team approach and
includes pain management specialists to assist with pain control
and physical and occupational therapists to guide therapy and pre-
vent contractures. In severe traumatic plexopathies where sub-
stantial motor weakness persists following the injury or where
the nerve is not in continuity, surgical intervention may improve
function. Primary repair of the nerves may be performed within
days after the injury, while secondary repair may be performed
at a later date after the injury (Martin et al., 2019; Spinner and
Kline, 2000). The timing of surgical intervention is debated; there
have been no randomized controlled trials addressing this question
and no consensus on optimal timing of surgery. A recent system-
atic review of studies assessing outcome related to the timing of
surgery found significantly better motor outcomes, pain, and qual-
ity of life when surgery was performed within 6 months of injury
(Martin et al., 2019). While a higher percentage of patients under-
going surgery within 3 months were found to have higher strength
scoring than those operated between 3 and 6 months, it was con-
cluded that early surgery must be balanced with the potential for
spontaneous recovery. Other factors may impact outcome, includ-
ing age over 30–40 years (which portents a poorer outcome than
younger patients) and site of injury, with upper (C5-6) plexus inju-
ries having a more favorable outcome than lower (C8-T1) plexus
injuries (Coulet et al., 2010; Kim et al., 2003; Kline, 2009; Terzis
and Barbitsioti, 2012; Terzis et al., 1999).

‘‘Immediate primary repair is usually recommended when there
has been a clean laceration of the nerve by a sharp object and
where the nerve endings are not injured by crush or stretch. Sec-
ondary early surgical repair is generally recommended for blunt
injuries or injuries with extensive soft tissue damage where the
nerve injury appears to be complete or very severe (Bunnell and
Kao, 2018; Martin et al., 2019). Surgical options include internal
neurolysis, resection and reanastomosis, or resection and grafting.
In those cases where the nerve injury is so severe that primary
repair or grafting are impossible, then neurotization with anasto-
mosis of one nerve to another, may be another option. Finally, if
the above procedures fail or if longer periods of time (over
6 months) have elapsed since the injury, other secondary surgeries
can be performed, including tendon or muscle transfers and
arthrodesis” (Rubin, 2008).

Surgical series confirm better recovery following repair of inju-
ries of the C5-7 roots, upper and middle trunks, lateral cord to the
musculocutaneous nerve, and medial and posterior cords to the
axillary and radial nerves (i.e, nerves serving more proximal arm
muscles) (Kim et al., 2003). The determination of the presence of
nerve root avulsion is also prognostic, as muscles innervated by
avulsed roots do not recover and performing nerve repair distal
to the root has no beneficial effect.

3.4.1.3. Burner and stinger syndrome. ‘‘Burner or stinger syndrome
refers to a transient stretch injury to the plexus that typically fol-
lows sudden, forceful trauma to the shoulder, typically during con-
tact sporting activities” (Rubin, 2008; Ahearn et al., 2019). While
this can occur with any form of trauma to the head or shoulder,
the term typically refers to symptoms that occur in athletes. The
incidence of burner/stinger syndrome is higher in athletes involved
in sports that place the head and neck and increased risk of direct
blows at high velocity, such as American football, rugby, or wres-
tling. Incidence studies have found that up to 34% of rugby players
and 65% of American football players had experienced a burner/
stinger syndrome during their career and the risk of recurrence
ranged from 20 to 80% (Aval et al., 2007; Green et al., 2017;
Kawasaki et al., 2015; Levitz et al., 1997).

In burner/stinger syndrome, the C5-C6 roots or upper portion of
the plexus are the sites most likely to be stretched from traction
due to rapid separation of the head and shoulder. In a large study
of 276 athletes referred for EDX testing for upper extremity nerve
injuries, 40 patients (predominantly male and primarily American
football players and wrestlers) had clinical manifestations of bur-
ner syndrome and EDX findings were consistent with a C5-C6 root
or upper trunk brachial plexus injury (Krivickas and Wilbourn,
2000). The typical presentation is that of sudden onset of pain
and paresthesias or sensory loss, with or without weakness, in
the upper and distal arm. The symptoms are usually transient, last-
ing for several minutes; however, they may be prolonged and last
more than 6 weeks (Thomas et al., 1999).

The evaluation of patients with burner/stinger syndrome begins
with assessment at the time of injury, primarily with immobiliza-
tion and stabilization of the cervical spine until assessment for
spine injury can be adequately accomplished. Once the cervical
spine is stable, a careful neurologic evaluation to assess for weak-
ness and sensory loss is important. EDX testing and imaging of the
cervical spine and brachial plexus is not necessary if the symptoms
are transient and completely resolve; however, persistent symp-
toms should be further evaluated using the modalities described
previously with other types of trauma.

Management of burner/stinger syndrome is primarily conserva-
tive, including rest and pain control. If weakness is persistent or
severe, physical therapy may be necessary to improve recovery.
There are no standard consensus guidelines on when it is safe for
the athlete to return to play (Ahearn et al., 2019; Vaccaro et al.,
2002). Athletes who experience only brief transient symptoms
with complete resolution after a fewminutes are generally thought
to be able to safely return to play, but those with persistent symp-
toms or weakness should be further evaluated to assess the degree
of nerve injury, and decisions made based on the degree and tim-
ing of recovery (Ahearn et al., 2019). To reduce the chance of recur-
rence, preventative measures such as appropriate education on
tackling techniques and strengthening and conditioning of core
muscle groups may be beneficial (Cramer, 1999).

3.4.1.4. Rucksack or backpack palsy. Traction injury to the upper
portion of the plexus may occur following wearing a heavy back-
pack or rucksack (termed ‘‘rucksack palsy”). In a study of 17 mili-
tary personnel who suffered brachial plexus injuries while
wearing an ‘‘airborne rucksack” during the Vietnam conflict, the
majority suffered from weakness and sensory loss in an upper
trunk distribution (Daube, 1969). In a recent review of 63 Dutch
military personnel with backpack palsies, the mean age was
23 years and 84% had marched with their backpack within 24 h
of developing symptoms (Dorhout Mees et al., 2020). Approxi-
mately 90% of patients experienced proximal arm weakness and
4% experienced pain.

‘‘Rucksack palsy” can also occur in military personnel as well as
individuals who wear other carrying devices, such as backpacks or
child-carrying packs (Dorhout Mees et al., 2020; Rose et al., 2016).
Factors that may play a role in the development of rucksack palsy
include the weight of the load, duration of pressure on the shoul-
der, and characteristics of the device (Daube, 1969). Furthermore,
structural factors such as an aberrant anterior scalene muscle,
fibrous bands, or bony abnormalities may pose a predisposition
to developing the palsy (Daube, 1969).

Symptoms include sensory loss, pain, and transient weakness
following use of the device. The symptoms are transient and
improve or resolve following discontinuation of use of the device.
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The prognosis is overall good with complete resolution expected,
although the rate of recovery is inversely proportional to the initial
severity (Daube, 1969; Dorhout Mees et al., 2020). However, in the
Dutch study, 90% of patients had incomplete recovery with some
residual weakness, although details about the timing of reevalua-
tion of the patients were lacking (Dorhout Mees et al., 2020).

3.4.2. Neuralgic amyotrophy (‘‘Parsonage Turner syndrome”)
Neuralgic amyotrophy is an immune-mediated plexopathy of

unknown cause (Parsonage and Aldren Turner, 1948). A variety
of names have been used to describe this condition, including
‘‘Parsonage-Turner syndrome” (after the physicians who detailed
the syndrome), ‘‘idiopathic brachial plexopathy”, ‘‘acute brachial
plexitis”, ‘‘shoulder-girdle neuritis”, ‘‘acute multiple brachial neu-
ropathy”, ‘‘cryptogenic brachial plexus neuropathy”, ‘‘paralytic bra-
chial neuritis”, and ‘‘brachial plexus neuropathy” (Seror, 2017).
This condition affects individuals of all ages and, while considered
to be a rare entity, a recent study suggested an incidence as high as
1/1000 (Rotondo et al., 2020; van Alfen et al., 2015).

3.4.2.1. Etiology. While often ‘‘idiopathic,” neuralgic amyotrophy
has been associated with various conditions, including infections,
immunizations, connective tissue diseases, trauma, surgical opera-
tions, and pregnancy (Parsonage and Aldren Turner, 1948; Rubin,
2001; Seror, 2017) (Table 5). A precipitating cause is identified in
only approximately 50% of patients (Seror, 2017; van Alfen and
van Engelen, 2006). In patients who develop symptoms following
immunizations, the onset of symptoms occurs between 3 and
21 days following the injections and may involve either the
injected or non-injected limb (Tsairis et al., 1972). Symptom onset
has also described between 3 and 14 days following minor proce-
dures in the post-operative period.

‘‘Neuralgic amyotrophy has been attributed to inflammation of
the brachial plexus. However, isolated or unequal involvement of
individual nerves arising off of the plexus or of nerves that do
not technically arise from the brachial plexus but branch directly
off of the cervical roots (e.g. long thoracic and phrenic nerves) sug-
gest that this disorder is not technically a true ‘plexopathy’. The
etiology of neuralgic amyotrophy is unknown, although the most
common theory suggests immune-mediated mechanisms. The
most supportive evidence of an inflammatory process stems from
biopsy of the brachial plexus in four patients, demonstrating
mononuclear, T-lymphocytic inflammatory infiltrates surrounding
the epineural and endometrial vessels of the nerves” (Suarez et al.,
1996; Rubin, 2008).

3.4.2.2. Clinical manifestations. Patients typically manifest with
sudden onset of severe shoulder or arm pain, which occurs at night
in 61% of patients (Tsairis et al., 1972). Pain may be experienced in
any region of the upper limb, including the proximal and distal
limb, and is commonly aggravated by movement of the limb. As
a result, patients support the affected limb in a characteristic ‘‘el-
bow flexion-shoulder adduction” position. The pain may last for
hours to weeks before subsiding, although may persist for over
2 months in about 10% of patients (Parsonage and Aldren Turner,
1948). While older studies suggested that pain resolves in nearly
Table 5
Conditions Associated with Neuralgic Amyotrophy.

Infectious Diseases (Viral, Bacterial)
Immunizations and Injections
Connective tissue diseases
Pregnancy and post-partum
Surgery or Post-operative
Strenuous Exercise
90% of patients, others have found that pain may persist for
months or years in up to 70% of patients, although the pain may
be neuropathic or due to non-neuropathic generators (van Alfen
and van Engelen, 2006). Since arm and neck pain can be seen in
cervical radiculopathies, which are much more common than bra-
chial plexopathies, awareness of the clinical features and pattern of
neuralgic amyotrophy is important in order to expedite making the
correct diagnosis, prevent unnecessary testing, and guide therapy.

Muscle weakness and atrophy is usually delayed by days to
weeks following the onset of pain. In most cases, weakness begins
within two weeks after the onset of pain and worsens as the pain
subsides, but may occur as early as 1 day in 34% of patients, 1–
7 days in 39%, and 1–4 weeks in 27% (Seror, 2017; Tsairis et al.,
1972). Weakness may involve any distribution of the brachial
plexus and is confined to a single nerve distribution in 6–46% of
patients (Ferrante and Wilbourn, 2017; Seror, 2017; van Alfen
and van Engelen, 2006). Isolated or combined involvement of pure
motor nerves, including the suprascapular, long thoracic, terminal
motor nerve branches of mixed nerves, and anterior interosseous
nerves, are most commonly involved, followed by nerves that are
predominantly motor, such as the axillary (Feinberg et al., 2017;
Ferrante and Wilbourn, 2017). Involvement of purely sensory
nerves is rare, most commonly involving the lateral antebrachial
cutaneous sensory nerve (Feinberg et al., 2017; Ferrante and
Wilbourn, 2017). The fact that terminal motor branches and even
nerves outside of the brachial plexus (e.g. phrenic or recurrent
laryngeal nerve, or nerve roots) are commonly involved suggests
that this syndrome is more similar to a ‘‘mononeuropathy multi-
plex” rather than a pure ‘‘brachial plexopathy” (Feinberg et al.,
2017; Ferrante and Wilbourn, 2017; van Alfen and van Engelen,
2006). Sensory loss occurs in up to 66% of patients but is often
not readily recognized due to the focus on the severe degree of pain
and weakness (Tsairis et al., 1972).

Bilateral brachial plexus involvement occurs in up to 29% of
patients and is usually asymmetric (Tsairis et al., 1972). The inter-
val between symptoms on each side is usually within 24 h but may
develop after several months. In some cases, pain may be unilateral
but weakness and atrophy bilateral, and vice-versa.

3.4.2.3. Evaluation. EDX testing is an important step in the evalua-
tion of neuralgic amyotrophy but may be complicated by findings
involving different segments of the plexus to different degrees or
involving individual nerves, including nerves that are derived
proximal to the plexus or within the plexus (Ferrante and
Wilbourn, 2017). The EDX evaluation is often extensive and
requires performance of multiple NCS and examination of many
muscles, including less commonly examinedmuscles, to determine
the portions of the plexus and nerves involved. Additionally, nee-
dle examination of the contralateral limb may be useful to identify
subclinical involvement in the other limb.

In some instances, isolated unilateral or bilateral phrenic neu-
ropathies, anterior interosseous neuropathy (indicating more prox-
imal fascicular involvement in the plexus), long thoracic
neuropathy, or suprascapular neuropathy may be found (Ferrante
and Wilbourn, 2017; Tsao et al., 2006; van Alfen et al., 2018).

MRI of the plexus may be normal or demonstrate abnormal T2
hyperintensities in the involved segments of the plexus or individ-
ual extra-plexus nerves (Lieba-Samal et al., 2016; Sarikaya et al.,
2005; Scalf et al., 2007; van Alfen and van Engelen, 2006; Zara
et al., 2012). Furthermore, MRI and ultrasonography have demon-
strated discreet hourglass-like constrictions of nerves in the termi-
nal branches of the plexus (Qi et al., 2013; Sneag et al., 2018, 2017)
(Fig. 4). In some cases with anterior interosseous nerve involve-
ment, MR neurography has identified high signal in fascicles of
the median nerve in the upper arm, supporting extra-plexus
involvement of the nerves (Pham et al., 2014). In a recent study,



Fig. 4. MRI of the brachial plexus demonstrating increased signal and multifocal
constrictions (arrows) in the right lower trunk in a patient with neuralgic
amyotrophy.
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24/27 patients with Parsonage Turner syndrome demonstrated
normal MRI findings in the plexus but a few patients demonstrated
T2 hyperintensities in the axillary and suprascapular nerves; how-
ever, 32 of 38 involved nerves branching from the plexus demon-
strated intrinsic constrictions of the nerves (Sneag et al., 2018,
2017). MRI of the cervical spine is often performed and is useful
to exclude other disorders such as a Pancoast tumor or cervical
radiculopathy.

‘‘Laboratory studies are usually normal unless the disorder is
associated with a systemic infection or connective tissue disease.
Cerebrospinal fluid studies may reveal a mild elevation in protein
without abnormal pleocytosis, but is usually normal” (Rubin,
2001, 2008).

3.4.2.4. Treatment and prognosis. ‘‘No specific treatments have been
systematically proven to be helpful in reducing the degree of neu-
rologic impairment or improving the prognosis in neuralgic amy-
otrophy. There have been no controlled studies of corticosteroids,
intravenous immunoglobulin, or other immunosuppressants. Cor-
ticosteroids, if administered in the acute, painful phase of the dis-
ease, may reduce the degree of pain but has not been clearly
demonstrated to alter the course of the disease (Tsairis et al.,
1972; van Eijk et al., 2009). Analgesic medication, such as nar-
cotics, may be necessary early in the course of the disease, but
are often ineffective in reducing the degree of pain. Physical ther-
apy and regular range of motion exercises have also been advo-
cated to prevent secondary complication, such as shoulder
immobility” (Rubin, 2008).

The prognosis of neuralgic amyotrophy is favorable in most
patients, with improvement occurring in 36% within one year,
75% by the end of the second year, and 89% of patients after three
years (Beghi et al., 1985; Cruz-Martínez et al., 2002; Feinberg et al.,
2017; Ferrante and Wilbourn, 2017; Tsairis et al., 1972). Recovery
begins with improvement in pain, usually several weeks after
onset. Depending on the severity of weakness and atrophy, the
degree and temporal course of recovery varies. Upper plexus
involvement (i.e., suprascapular nerve) recovers more rapidly than
more distal involvement (i.e., anterior interosseous nerve). Like-
wise, the initial severity of denervation correlates with time to ini-
tial reinnervation; 50% of muscles with 2 + fibrillation
potentials/positive sharp waves will achieve initial reinnervation
by approximately 3 months but only 25% of muscles with 3 + fibril-
lation potentials/positive sharp waves begin reinnervating by
about 8 months (Feinberg et al., 2017).

‘‘More recent evidence has suggested that the prognosis may be
less favorable than had previously been considered, and a rela-
tively high percentage of patients demonstrate persistent deficits
and a moderate degree of pain for more than 3 years following
the attack (van Alfen and van Engelen, 2006). Recurrent attacks
are uncommon, but have been reported in 1–5% of patients
(Tsairis et al., 1972). The occurrence of multiple episodes over time,
especially in younger patients, should raise the possibility of
hereditary neuralgic amyotrophy” (Rubin, 2008).

3.4.3. Hereditary neuralgic amyotrophy (HNA)
‘‘Hereditary neuralgic amyotrophy” (HNA), an autosomal dom-

inant inherited disease, is much less common than sporadic neu-
ralgic amyotrophy. HNA begins in the second or third decades or
even earlier in childhood (van Alfen, 2005). Approximately 42%
of patients experience their first attack in childhood. Patients man-
ifest with recurrent episodes of symptoms attributable to brachial
plexus dysfunction, features that are indistinguishable from spo-
radic neuralgic amyotrophy. Patients with HNA may have associ-
ated phenotypic features including hypotelorism, cleft palate,
epicanthal folds, redundant cervical skin, dysmorphic ears, short
stature, or widely spaced teeth (Dunn et al., 2008; van Alfen,
2011). The weakness in HNA is typically worse than in sporadic
neuralgic amyotrophy, as patients with HNA more often experi-
ence complete paresis of involved muscles (van Alfen, 2005; van
Alfen and van Engelen, 2006). Patients with HNA have a higher
incidence of recurrent episodes of involvement, often experiencing
three or more attacks. Given the higher number of attacks, which
are often associated with incomplete recovery, the prognosis is
worse in terms of pain, weakness, and disability (van Alfen and
van Engelen, 2006).

The EDX findings in HNA are indistinguishable from those in
sporadic PTS. Genetic studies have mapped the gene defect to a
mutation in the Septin-9 (SPT9) protein on chromosome 17q25
in some kindreds (Watts et al., 2001).

3.4.4. Neurogenic thoracic outlet syndrome
‘‘Thoracic outlet syndrome (TOS) is a clinical syndrome charac-

terized by arm pain and numbness due to presumed transient
compromise of the subclavian vasculature from compression or
narrowing of the vessels as they course through the thoracic out-
let” (Rubin, 2008) (Fig. 5) (Ferrante and Ferrante, 2017). In most
cases, there is no sustained injury to the nerve structures and, thus,
no neurologic deficits. However, in some cases, the lower trunk of
the brachial plexus is compressed by a cervical rib or cervical band
(referred to as ‘true” or ‘‘classic” neurogenic TOS). True neurogenic
TOS was first described by Gilliatt in 1970 (Gilliatt et al., 1970).
Studies to determine the prevalence of true neurogenic TOS are
confounded by the inclusion criteria and the definition used for
TOS. In studies that exclude ‘‘disputed” TOS, the prevalence of true
neurogenic TOS is approximately 1/1,000,000 (Franklin et al., 2000;
Gilliatt et al., 1970). True neurogenic TOS affects young to middle
aged adults and females account for 94% of patients (Ferrante
and Ferrante, 2017; Tsao et al., 2014).

In true TOS, a fibrous band extends from a cervical rib or elon-
gated C7 transverse process to the first rib stretches C8-T1 fibers in
the lower trunk of the plexus as it courses through the thoracic
outlet (Fig. 6). These structures deform and compress the lower
supraclavicular brachial plexus, most commonly the distal T1 and
C8 nerve roots or less commonly the proximal lower trunk



Fig. 5. The thoracic outlet. (Used with permission of Mayo Foundation for Medical
Education and Research, all rights reserved.)

Fig. 6. A cervical rib compressing the brachial plexus in thoracic outlet syndrome.
(Used with permission of Mayo Foundation for Medical Education and Research, all
rights reserved.)
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(Ferrante, 2012b). While a C7 spine abnormality is common,
approximately 20% of patients will not demonstrate any bony
abnormality of the C7 vertebrae (Tsao et al., 2014). In most cases,
the T1 fibers are more affected than the C8 fibers (Ferrante and
Ferrante, 2017; Ferrante and Wilbourn, 1995).
3.4.4.1. Clinical features. The clinical features of neurogenic TOS
include pain, weakness, and numbness. Disturbance of motor func-
tion predominates, with weakness and atrophy of median nerve
innervated thenar muscles (due to primary innervation by the T1
root) more than ulnar, radial, or other median nerve innervated
muscles. Numbness and sensory loss is seen in the medial forearm
more than the medial hand.

3.4.4.2. Evaluation. The characteristic EDX findings of true neuro-
genic TOS are those of a lower trunk brachial plexopathy. NCS
demonstrate low median and ulnar CMAP and ulnar and/ medial
antebrachial sensory amplitudes. The medial antebrachial cuta-
neous sensory and median motor responses are the NCS most
likely to demonstrate abnormalities (Ferrante and Wilbourn,
1995; Levin et al., 1998; Seror, 2004). In some patients with true
neurogenic TOS, relative reductions of the CMAP or SNAP ampli-
tudes compared to the unaffected may be present despite the abso-
lute amplitudes falling within normal range, emphasizing the
importance of side-to-side NCS comparisons (Tsao et al., 2014).
Needle examination demonstrates abnormalities that may include
fibrillation potentials/positive sharp waves and long duration
MUPs with reduced recruitment in lower trunk innervated mus-
cles. The abductor pollicis brevis (APB) muscle is preferentially
innervated by the T1 root and is most commonly affected in neu-
rogenic TOS, with changes indicating chronic axonal loss with rein-
nervation seen in the APB in about 50% of cases (Ferrante, 2012a;
Tsao et al., 2014). Abnormalities are less prominent in muscles pri-
marily innervated by the C8 root (e.g, triceps brachii) compared to
the T1 root.

Radiographic studies are important to identify a structural pro-
cess such as a cervical rib, elongated C7 transverse process, or
fibrous band. Routine cervical spine radiographs, CT imaging, and
MRI can identify bony abnormalities, but none of the imaging
modalities are sensitive enough to identify a fibrous band.
Improved imaging techniques, including MR neurography and
advanced MR protocols are evolving which may help identify dis-
placement of nerve structures (Magill et al., 2015; Yldzgören
et al., 2014).

3.4.4.3. Treatment and prognosis. ‘‘Surgical resection of the band or
removal of a cervical rib leads to improvement or resolution of
symptoms in most patients with true neurogenic TOS. In a series
of thirty-three surgically treated patients over a 25-year period
at a single institution, pain, weakness, and sensory loss improved
in the majority of patients although motor recovery was rarely
complete (Tender et al., 2004). This is in contrast to patients with
non-neurogenic TOS, in which retrospective studies have shown
no significant benefit of surgery compared to conservative man-
agement (Franklin et al., 2000). Surgical complications are rare in
experienced centers, but may include pleural tear, pneumothorax,
hematoma, vascular insult, and the development of a more severe
brachial plexopathy following transaxillary resection of the first rib
due to traumatic injury to the plexus” (Franklin et al., 2000; Tender
et al., 2004; Rubin, 2008).

3.4.5. Post-median sternotomy brachial plexopathy
A similar condition to neurogenic TOS may occur with cardio-

thoracic surgeries involving median sternotomy where retraction
of the chest wall or fracture of the first rib causes traction on the
C8 rami or lower trunk of the brachial plexus due to posterior clav-
icular displacement and compression of the plexus (Levin et al.,
1998). The incidence of post-median sternotomy plexopathies
ranges from 0.5 to 38% of cases (Healey et al., 2013; Unlu et al.,
2006). Limited retraction, caudal placement of the retractor, and
limited cardiopulmonary bypass time may be protective (Healey
et al., 2013). The clinical and EDX features are similar to those that
occur in neurogenic TOS.

3.4.6. Compression from compartment syndromes
‘‘The infraclavicular portion of the brachial plexus (cords) trav-

els from the clavicle to the axilla where the individual terminal
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nerves are formed. The medial brachial fascial compartment is a
section of the upper arm formed by the medial intermuscular sep-
tum where the axillary vessels and terminal nerves of the brachial
plexus travel. Lesions located in this compartment, such as hema-
tomas following axillary arteriography, humerus fracture, or axil-
lary artery aneurysms may lead to an increase in the
intracompartmental pressure and secondary compression and
ischemia to the nerves within the compartment. Any of the termi-
nal nerves (median, ulnar, radial, axillary, musculocutaneous) may
be affected to different degrees, although the median and ulnar are
typically affected more often than other nerves (Tsao and
Wilbourn, 2003). Treatment with surgical evacuation and urgent
decompression of the compartment within hours of symptom
onset is important to optimize recovery” (Rubin, 2008).

3.4.7. Neoplastic brachial plexopathy
The brachial plexus lies in close proximity to the lung, breast,

and lymphatic system. Therefore, neoplastic invasion can result
in brachial plexus dysfunction. In patients admitted to a large can-
cer center in the 1970s, 0.43% were found to have a brachial plex-
opathy (Kori et al., 1981). The frequency is higher in patients with
breast cancer, where up to 4.9% experience symptoms of a brachial
plexopathy up to 5 years following treatment.

Neoplastic plexopathies are most commonly due to local spread
or metastatic disease. Lung and breast tumors, lymphoma, and sar-
coma, account for nearly 80% of all neoplasms (Kori et al., 1981).
Metastatic infiltration of peripheral nerves is uncommon in
patients with lymphoma, although in one autopsy series, 40% of
patients with lymphoma had involvement of peripheral nerves
(Bourque et al., 2018). Rare cases of metastatic infiltration of the
brachial plexus, associated with focal conduction block that mim-
icked chronic inflammatory demyelinating polyradiculopathy,
have been described (Bourque et al., 2018). Neoplastic spread by
direct extension can also be erosive and aggressive and can involve
nerve roots and even the spinal cord, in addition to the plexus.

Primary peripheral nerve tumors, such as schwannomas and
neurofibromas are rarely located in the brachial plexus (Fig. 7).
When present, they are slow growing and patients present with
progressive paresthesias, without significant pain.
Fig. 7. MRI demonstrating a left brachial plexus schwannoma (arrow).
3.4.7.1. Clinical features. Most patients with neoplastic brachial
plexopathies present with pain, which is usually severe in quality
(Jaeckle, 2010; Kim et al., 2019; Kori et al., 1981). The location of
symptoms and distribution of clinical findings depends on the site
of brachial plexus involvement; the most common site of involve-
ment is the lower trunk/medial cord or the entire plexus (Harper
et al., 1989; Kori et al., 1981). When the lower trunk is involved,
the patient may experience pain in the medial arm or forearm
and medial hand, although any portion of the arm may be affected.
Progressive weakness and atrophy and sensory loss follows the
onset of pain. Horner’s syndrome was found in half of the patients
in one series and in a recent review of 44 patients with brachial
plexopathies from metastatic breast cancer, 66% demonstrated
malignant lymphedema (Kim et al., 2019; Harper et al., 1989;
Kori et al., 1981; Krarup and Crone, 2002; Lederman and
Wilbourn, 1984).

When a brachial plexopathy occurs as a result of infiltration or
compression from a mass in the lung apex (Pancoast tumor), the
lower trunk is primarily affected and the clinical features are those
of a lower trunk plexopathy. This may be associated with a Hor-
ner’s syndrome given the involvement of the T1 root or cervical
sympathetic ganglion.

3.4.7.2. Evaluation. The EDX findings in neoplastic plexopathies
reflect the distribution, severity, and temporal course of plexus
involvement, and frequently include low motor and sensory NCS
and fibrillation potentials and long duration, high amplitude
MUP with reduced recruitment on needle EMG of affected muscles
(Seror, 2001). EDX studies are also useful to support localization to
the plexus rather than the root, which can help guide appropriate
imaging studies.

The diagnosis of neoplastic invasion of the brachial plexus is
confirmed by imaging studies. MRI with contrast is the primary
imaging modality used and may demonstrate several findings,
including a mass compressing or infiltrating the brachial plexus,
T2 hyperintensity, fascicular disorganization, or nodular enhance-
ment or thickening of the plexus (Chhabra et al., 2011; Thawait
et al., 2011). MRI characteristically demonstrates high T2 signal
abnormality within the plexus. While a similar finding can be seen
in radiation induced plexopathy, high T2 signal is more common in
neoplastic than radiation plexopathy (van Es et al., 1997). In pri-
mary nerve tumors of the brachial plexus, MRI shows enhancing
solitary lesions within the plexus. 18FDG-PET may demonstrate
increased metabolic activity within the plexus, which may be help-
ful to suggest tumor infiltration rather than radiation injury
(Luthra et al., 2006; Weiler-Sagie et al., 2010). In cases where neo-
plastic involvement of the plexus is uncertain, surgical exploration
and pathologic confirmation may be necessary.

3.4.7.3. Treatment and prognosis. Treatment of neoplastic brachial
plexopathies is focused on treatment of the malignancy with local-
ized radiation or chemotherapy. Improvement in pain and neuro-
logic deficits following radiation is variable; although between
46 and 86% of patients (many with breast cancer) have been
reported to have partial or complete remission of pain or neuro-
logic deficits following radiation therapy, often with adjuvant
chemotherapy or hormonal therapy (Kamenova et al., 2009; Kori
et al., 1981). Symptomatic treatment for pain control includes neu-
ropathic and other pain medications, regional nerve blocks, and
occasionally infusion pumps.

3.4.8. Radiation-induced brachial plexopathy
Radiation-induced brachial plexopathy is a rare manifestation

of radiation therapy. While this is seen most commonly in patients
who have been treated with radiation to the region of the plexus
for breast cancer, it may also occur following treatment for other



Fig. 8. MRI demonstrating increased signal and thickening of the entire left brachial
plexus (arrow) in a patient with radiation-induced brachial plexopathy.
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head and neck, lung, or metastatic cancer from distant neoplasms
to lymph nodes in the shoulder (Yan et al., 2019). Less than 5–9% of
patients treated with radiation develop brachial plexopathy fol-
lowing radiation (Emami et al., 1991; Mondrup et al., 1990). Sev-
eral factors have been associated with an increased risk of
development of brachial plexopathy, the most important being
the dose of radiation. A meta-analysis of studies assessing the risk
of radiation brachial plexopathy relative to the radiation dose
found that the radiation dose was �6000 cGy in 62.5% of studies
that reported <5% incidence of radiation plexopathy, and
�6600 cGy in 75% of the studies with the same incidence (Yan
et al., 2019). Thus, maximum radiation doses of <6000–6600 cGy
appear to have a low risk of development of radiation plexopathy
and there is an increased risk with each 1000 cGy of radiation
greater than 6000 cGy (Yan et al., 2019). Other factors that may
increase the likelihood of developing radiation plexopathy include
increased number of ports of radiation administration, the admin-
istration of adjunctive chemotherapy, and the extent of axillary
node dissection (Emami et al., 1991). The region of the brachial
plexus involved following radiation is variable, with some studies
specifying a predilection for the upper plexus and others the lower
plexus or entire plexus (Harper et al., 1989; Kori et al., 1981;
Krarup and Crone, 2002; Lederman and Wilbourn, 1984).

The underlying mechanism and pathophysiology of nerve injury
is unknown. ‘‘Pathologic studies have demonstrated loss of myelin,
fibrosis and thickening of the neurolemma sheath, and hyaliniza-
tion and obliteration of the vaso-nervorum to the brachial plexus,
suggesting either focal compression of the plexus by fibrosis or
chronic nerve ischemia as possible underlying mechanisms”
(Rubin, 2008).

3.4.8.1. Clinical features. The mean age of patients developing radi-
ation brachial plexopathy reported in a large meta-analysis was
56.9 years (Yan et al., 2019). Patients present with slowly progres-
sive paresthesias, sensory loss, pain, weakness, and atrophy. Com-
pared to neoplastic plexopathies, radiation-induced plexopathies
more commonly present with sensory loss or paresthesia rather
than pain. Symptom onset ranges from one month to eighteen
years following radiation exposure, with a median time of
7 months (Harper et al., 1989; Kori et al., 1981; Yan et al., 2019).

3.4.8.2. Evaluation. EDX testing is important to identify brachial
plexus involvement and can be used, in some cases, to support
radiation injury as the cause of the plexopathy. EDX features
include low motor and sensory NCS amplitudes and long duration,
high amplitude MUP. Conduction block across the plexus in the
ulnar nerve following stimulation at Erb’s point is more common
in radiation-induced than in neoplastic plexopathy, but this finding
is uncommon and not diagnostic (Harper et al., 1989). On needle
EMG, myokymic discharges are recorded in up to 63% of patients
and 24% of muscles; in contrast, myokymic discharges are rarely
encountered in neoplastic plexopathy (Harper et al., 1989). MRI
of the brachial plexus may be normal or show increased or
decreased T2 signal and fibrosis (van Es et al., 1997) (Fig. 8).

3.4.8.3. Treatment and prognosis. ‘‘The course of radiation plexopa-
thy is typically one of steady progression or stabilization in 90% of
patients, although cases of improvement have rarely been reported
(Killer and Hess, 1990). There is no established treatment to
reverse or improve the nerve injury, although surgical interven-
tions such as neurolysis or neurolysis with omental grafting, have
been performed in some patients with variable improvement in
symptoms. A report of resolution of conduction block following
anticoagulation therapy suggested that ischemic nerve injury
may contribute to the pathogenesis of radiation-induced nerve
damage and strategies to improve nerve perfusion may be effective
(Soto, 2005)” (Rubin, 2008). While a few anecdotal cases have
reported improvement with hyperbaric oxygen therapy, no
improvement in functional outcome was found in a randomized,
phase II trial (Pritchard et al., 2001; Stowe et al., 2020). The treat-
ment, therefore, remains supportive with pain control, and physi-
cal and occupational therapy.
4. The lumbosacral plexus

4.1. Anatomy

The lumbosacral plexus is a complex structure in the pelvis that
arises from the anterior rami of the T12-S4 nerve roots. In contrast
to the brachial plexus, the lumbosacral plexus has less ‘‘merging”
of nerve fascicles or formation of trunks or cords. However, the
structure is complex in the many nerves that branch directly from
the plexus (Table 6). The lumbosacral plexus can be considered as
two adjacent plexi - the lumbar and the sacral (Figs. 9 and 10).

The lumbar plexus is derived from the anterior rami of the L1 –
L4 roots, which join to form several branches within the psoas
muscle (Fig. 11) (Table 6). Relatively minor branches include the il-
iohypogastric (from T12-L1 roots), ilioinguinal (from the L1 root), and
genitofemoral (from the L1-2 roots) nerves, which contain mostly
sensory fibers from the abdominal wall and medial groin. The lat-
eral femoral cutaneous nerve is a pure sensory nerve that branches
from the upper to mid lumbar plexus (L2-3 roots) and supplies the
sensation to the anterolateral thigh. Isolated compression of this
nerve is commonly, resulting in ‘‘meralgia paresthetica”, but sen-
sory disturbance in the distribution of that nerve can also occur
in lumbar plexopathies. The major branches (which contain motor
and sensory fibers) of the lumbar plexus are the obturator nerve
and the femoral nerve, which supply most muscles in the anterior
and medial thigh (Table 6). While these nerves supply sensation to
the anterior and medial thigh, the femoral nerve also gives off a
distal sensory nerve, the saphenous nerve, which has a more distal
sensory innervation to the anteromedial lower leg and foot. The
lumbosacral trunk derives from the L4-5 nerve roots before contin-
uing as a contributor to the sciatic nerve (L4-S3).



Table 6
Nerve branches and muscles innervated through the lumbar and sacral plexus.

Nerve Muscles Sensory
Distribution

Lumbar
Plexus

Iliohypogastric (L1-2) – Inferior
abdominal wall

Ilioinguinal (L1-2) – Medial groin
Genitofemoral (L1-2) – –
Lateral femoral
cutaneous (L3-4)

– Anterolateral
thigh

Obturator (L2,3,4) Adductor longus
Adductor
magnus
Gracilis

–

Femoral (L2,3,4) Quadriceps –
Saphenous (L2,3,4) – Medial leg and

foot

Sacral
Plexus

Superior gluteal (L4-5) Gluteus medius
Tensor fascia
lata

–

Inferior gluteal (L4-S1) Gluteus
maximus

–

Sciatic (L4-S2) Anterior tibialis
Peroneus longus
Gastrocnemius
Soleus
Foot muscles

Foot
Lateral leg

Pudendal (S2,3,4) External anal
sphincter

Perineal
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The sacral plexus is formed from the L5 - S4 roots and has sev-
eral major branches (Figs. 9 and 10) (Table 6). The major branches
of the sacral plexus include the superior gluteal nerve (L4-S1), infe-
rior gluteal nerve (L5-S2), sciatic nerve, posterior femoral nerve (S1-
3), and pudendal nerve (S1-S4).

While the lumbosacral plexus is a deep structure in the pelvis
and is therefore not as susceptible to direct trauma, its proximity
Fig. 9. The lumbosacral plexus and branches in coronal view. (Used with permissio
to other muscle, vascular, and intestinal structures predisposes it
to injury from disorders that involve these areas.

4.2. General evaluation of lumbosacral plexopathies

4.2.1. Clinical history and examination
Similar to the evaluation of brachial plexopathies, a comprehen-

sive history and examination is the first step in evaluating patients
with suspected lumbosacral plexopathies. The history should
include the timing of onset of symptoms and course of progression,
recent trauma, and general medical conditions (e.g. diabetes or
cancer). The distribution of clinical findings, including weakness
and sensory loss, helps to localize the injury to the lumbar or sacral
plexus, or both. In lumbar plexopathies, pain and sensory loss is
primarily localized to the anterolateral and medial thigh region
and weakness involves in the quadriceps, hip flexors, and hip
adductors. In sacral plexopathies, sensory loss and weakness
involves the posterior thigh and the leg and foot. The presence of
other associated features, such as enlarged inguinal lymph nodes
(suggestive of possible cancer) or a pulsatile femoral mass (sugges-
tive of possible aneurysm), may provide clues to the etiology. Since
other conditions can mimic lumbosacral plexopathies, additional
testing is often required to confirm the localization and assess for
etiology (Table 7).

4.2.2. Electrodiagnostic testing
The goals of performing EDX testing in lumbosacral plex-

opathies are similar to those for brachial plexopathies, and include
helping to localize the disorder to the lumbosacral plexus, exclude
more common lumbosacral radiculopathies, and define the patho-
physiology and severity of nerve injury. While there are fewer NCS
that can be performed to reliably evaluate the lumbosacral plexus
compared to the brachial plexus, the same EDX concepts apply –
n of Mayo Foundation for Medical Education and Research, all rights reserved.)



Fig. 11. Branches of the lumbar plexus. (Used with permission of Mayo Foundation
for Medical Education and Research, all rights reserved.)

Fig. 10. The lumbar and sacral plexus in lateral view. (Used with permission of
Mayo Foundation for Medical Education and Research, all rights reserved.)

188 D.I. Rubin / Clinical Neurophysiology Practice 5 (2020) 173–193
abnormal sensory NCS and the absence of needle EMG findings in
the lumbosacral paraspinals are supportive of a plexopathy. Sen-
sory NCS studies (e.g. sural, superficial fibular, medial and lateral
plantar, and saphenous) are less reliable as they are technically dif-
ficult and some may be of low amplitude or absent normally, espe-
cially in older individuals; thus, side-to-side comparison for
significant asymmetry of the amplitudes is important in confirm-
ing that a lower limb sensory response is truly abnormal.

For assessment of the lumbar plexus, the femoral motor NCS
and lateral femoral cutaneous or saphenous sensory NCS can be
performed but are technically challenging. Needle examination of
the iliopsoas, adductor longus, and quadriceps muscles may be
abnormal. In sacral plexopathies, the fibular and tibial motor
NCS, and sural and superficial fibular and plantar sensory NCS
may be abnormal. Needle EMG may demonstrate abnormalities
in distal fibular (tibialis anterior, peroneus longus) and tibial
(gastrocnemius, tibialis posterior) innervated muscles as well as
more proximal sciatic (biceps femoris short or long head, semi-
tendinosus, semimembranosus). The presence of needle EMG
abnormalities in proximal muscles that are innervated by nerves
derived directly from the plexus, such as inferior gluteal (gluteus
maximus) or superior gluteal (gluteus medius, tensor fasciae latae)
nerves helps to distinguish a sacral plexopathy from a sciatic
neuropathy.

4.2.3. Imaging of the lumbosacral plexus
Similar to imaging of the brachial plexus, MRI is the imaging

study of choice to evaluate the lumbosacral plexus. Abnormal
MRI findings in lumbosacral plexopathies include increased T2 sig-
nal intensity, focal or diffuse enhancement, or enlargement or
edema of nerve segments. MRI is more sensitive than CT at identi-
fying subtle infiltrative lesions, although CT may be useful to assess
for psoas hematoma.
4.3. Specific diseases of the lumbosacral plexus (Table 4)

4.3.1. Trauma
Because of its deep location in the pelvis, the lumbosacral

plexus is relatively shielded from direct injury and is less prone
to stretch injuries than the brachial plexus. As a result, trauma
accounts for only a small percentage of lumbosacral plexopathies.
Most are the result of penetrating trauma (e.g. gunshot or puncture
wounds) or high velocity injuries (Chiou-Tan et al., 2001; Kutsy
et al., 2000). Traumatic lumbosacral plexopathies are frequently
associated with pelvic or hip joint injuries, such as fractures. Over
a 5-year period at a single institution, of 2794 patients treated for a
pelvic or acetabulum fracture, only 22 patients (incidence 0.7%)
suffered a lumbosacral plexopathy as a complication (Kutsy et al.,
2000). The frequency was significantly higher (2.03%) in patients
suffering sacral fractures or sacroiliac joint dislocations, likely
due to the fact that the plexus is in close proximity to the sacral
bone and sacroiliac joint. Another retrospective study of 4123
patients referred for EDX testing over a 5 year period identified
29 patients, primarily men, with lumbosacral plexopathy as a
result of a motor vehicle accident (n = 10) or gunshot wound
(n = 19) (Chiou-Tan et al., 2001). Of those suffering injuries from
gunshot wounds, most occurred in the abdomen rather than the
hip or leg. Furthermore, injury to the upper plexus was preferen-
tially involved in patients with gunshot wounds, but the upper
plexus and lower plexus were affected to a similar degree in
patients with motor vehicle accidents. EDX testing demonstrates
typical findings of lumbosacral plexopathy, with sensory NCS
abnormalities and fibrillation potentials/positive sharp waves seen



Table 7
Lumbosacral Plexopathy Mimickers.

Lumbosacral radiculopathy
Lower extremity mononeuropathy (femoral, peroneal, tibial)
Mononeuritis multiplex
Orthopedic disorders (e.g. hip fracture, hip osteoarthritis, avascular necrosis)
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in muscles supplied by the fibular division more than that tibial
division muscles (Kutsy et al., 2000).

4.3.2. Diabetic and non-diabetic lumbosacral radiculoplexus
neuropathy

The lumbosacral plexus may be involved in isolation or along
with additional roots and/or nerves as part of an immune-
mediated or inflammatory disorder (Laughlin and Dyck, 2014). This
most commonly occurs in patients with diabetes, although can also
occur in the absence of diabetes. When associated with diabetes,
this condition has been referred to by a variety of names, including
‘‘diabetic amyotrophy”, ‘‘Bruns-Garland syndrome”, ‘‘proximal dia-
betic neuropathy”, and ‘‘ diabetic lumbosacral radiculoplexus neu-
ropathy” (LSRPN) (Dyck and Windebank, 2002). In a recent
population based study from 2000 to 2015 in Olmsted County,
Minnesota, the overall incidence of LSRPN was 4.16/100,000, with
an incidence of 2.79/100,000 in diabetics and 1.27/100,000 in non-
diabetics (Ng et al., 2019). Diabetic LSRPN occurs in middle or older
age patients with type 2 diabetes. In the Olmsted County group of
59 patients, the mean patient age was 70 years (range 24–88). The
syndrome usually occurs during a period of relatively well-
controlled diabetes and patients often do not exhibit other long-
term diabetic complications.

4.3.2.1. Clinical features. Diabetic and non-diabetic LSRPN have
similar clinical, EDX, and pathological features (Dyck, 2001; Dyck
and Windebank, 2002). The syndrome initially begins with acute
(days) to subacute (weeks) onset and progression of pain in the
thigh, leg, buttock, and/or back, which is predominantly unilateral
but may spread to involve the contralateral limb. The pain may be
of an achy, sharp, or burning quality (Dyck, 2001). Pain often sub-
sides spontaneously. Weakness and atrophy occurs shortly follow-
ing the onset of pain and is usually the most prominent and
debilitating symptom. Neurological deficits may be focal or patchy,
but often involve the proximal and distal leg, and may extend to
involve the other leg (Dyck and Thaisetthawatkul, 2014; Laughlin
and Dyck, 2014). The median time of symptom onset to diagnosis
is 2 months (range 1–72 months) and the median time to bilateral
disease is approximately 3 months (Dyck and Windebank, 2002;
Ng et al., 2019). In one series, half of patients were wheelchair
bound during their illness due to weakness (Dyck and
Windebank, 2002).

In both forms, patients often experience additional symptoms,
including prominent weight loss and autonomic features (Dyck
and Windebank, 2002). Weight loss is a common feature and aver-
ages 15 lb in the non-diabetic and 30 lb in the diabetic forms,
although some patients in both groups experience much more pro-
found weight loss (Dyck, 2001). Autonomic features include ortho-
static symptoms, urinary and sexual dysfunction, and constipation.

In rare cases, pain in not a prominent feature and a painless,
subacute motor neuropathy may occur in diabetics (Garces-
Sanchez et al., 2011). In 23 patients reported with this phenotype,
the mean age was 62 years (range 36–78) and the clinical features
(including prominent weight loss) were similar to painful diabetic
LSRPN apart from more symmetric and severe involvement, some
upper limb involvement, and slower progression. Nerve biopsies
demonstrated features of microvasculitis and ischemic injury,
similar to diabetic LSRPN.
4.3.2.2. Evaluation. Laboratory studies usually demonstrate mark-
ers of diabetes or impaired glucose metabolism, but are otherwise
unremarkable; the erythrocyte sedimentation rate may rarely be
elevated (Dyck, 2001). Elevated cerebrospinal fluid protein without
pleocytosis may be seen in both forms, but is higher in the diabetic
form (Dyck, 2001).

The EDX features are those of a patchy, axonal neurogenic pro-
cess and include low amplitude compound muscle action potential
and sensory nerve action potential amplitudes with only mildly
slowed distal latencies and conduction velocities (Bastron and
Thomas, 1981; Dyck, 2001; Dyck and Thaisetthawatkul, 2014;
Laughlin and Dyck, 2013). Since the process is patchy, in some
instances sensory axons to the foot may be spared and routinely
tested SNAPs may be normal, giving the impression of a
polyradiculopathy rather than a radiculoplexus neuropathy
(Dyck, 2001; Laughlin and Dyck, 2013). Depending on the timing
of the EDX study, needle examination findings include fibrillation
potentials/positive sharp waves (often prominent) and reduced
recruitment and long duration MUPs. The distribution of needle
EMG findings is often patchy throughout the leg, but commonly
involved muscles innervated through the lumbar plexus (e.g. iliop-
soas, adductor longus, quadriceps). Needle EMG abnormalities are
commonly found in the lumbar paraspinal muscles, indicating
involvement of the roots in addition to post-ganglionic nerve seg-
ments and supporting the term ‘‘radiculoplexus neuropathy” (Dyck
and Thaisetthawatkul, 2014; Laughlin and Dyck, 2013).

Imaging studies are often unnecessary in patients with a classic
presentation; however, in patients without a typical presentation
or with a slowly progressive course, MRI may be useful to exclude
other infiltrative or compressive causes. MR neurography has anec-
dotally demonstrated thickening and high signal in individual
nerves (e.g. femoral, obturator, sciatic) (Filosto et al., 2013;
McCormack et al., 2018).

Histopathologic studies from nerve biopsies in both diabetic
and non-diabetic LSRPN demonstrate focal or multifocal nerve
fiber degeneration, perineurial thickening, epineurial neovascular-
ization, segmental demyelination and axonal degeneration, indi-
cating ischemic nerve injury from a microvasculitis as the
underlying mechanism (Dyck et al., 2000; Dyck and Windebank,
2002).

4.3.2.3. Treatment and prognosis. Since the pathophysiology is one
of inflammation and microvasculitis, immunosuppressive treat-
ment may be useful; however, there are no large randomized con-
trolled trials that have shown definite benefit (Dyck and
Windebank, 2002). Reports of improvement with intravenous
methylprednisolone, immunoglobulin, or plasma exchange suggest
that immunotherapies may be beneficial, particularly at reducing
the degree and duration of pain (Pascoe et al., 1997; Dyck et al.,
2000, 2002; Triggs et al., 1997). In a recent Cochrane systematic
review of immunotherapy trials for DLSRPN, only one placebo-
controlled trial of methylprednisolone was identified as published
in abstract form, leading to a conclusion that there is no evidence
to support a positive or negative effect of immunotherapy (Chan
et al., 2017). That multicenter, prospective treatment trial using
1 g intravenous methylprednisolone weekly over a 12 week period
did not find a statistically significant improvement in the neuropa-
thy impairment score in the treated versus non-treated patients,
but secondary outcome measures of pain were improved in the
treated patients (Dyck et al., 2006).

The syndrome is usually monophasic; improvement occurs in
the majority of patients, although recovery is usually incomplete
(Dyck, 2001; Dyck and Windebank, 2002). Long-term outcome is
similar in diabetic and non-diabetic LSRPN, with morbidity associ-
ated with incomplete recovery of weakness. In 42 patients with
non-diabetic LSRPN, recovery was delayed and incomplete at a
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median follow-up time of 35 months (Dyck, 2001). In the majority
of patients with persistent weakness, the most common distribu-
tion involved the distal leg, including foot drop (Dyck, 2001).
Two patients eventually developed diabetes and seven experienced
a relapse of symptoms on the same or contralateral side.

4.3.3. Neoplastic lumbosacral plexopathy
Infiltration of the lumbosacral plexus by neoplasms is rare in

cancer patients, with a frequency of 0.71%; however, since lum-
bosacral plexopathies are also rare, neoplastic invasion is one of
the more common etiologies (Jaeckle et al., 1985). Lumbosacral
plexopathies develop from local invasion or direct extension from
neighboring tumors. Colorectal, urogenital, prostate, lymphoma,
and retroperitoneal and pelvic sarcomas account for over 80% of
the tumors (Jaeckle et al., 1985). Perineural spread of pelvic malig-
nancies, such as prostate, bladder, rectal, and cervical can spread
from the primary organ to the plexus through the splanchnic
nerves (Capek et al., 2015; Ladha et al., 2006). Metastases from
extra-abdominal tumors such as breast or lung occur in approxi-
mately 25% (Jaeckle et al., 1985). Most patients with neoplastic
plexopathies have known underlying malignancies; however plex-
opathy may be the initial manifestation of cancer in up to 15% of
patients (Jaeckle, 2010).

4.3.3.1. Clinical features. The clinical manifestations and findings in
neoplastic lumbosacral plexopathies depend on the site of plexus
involvement. In a review of 85 cancer patients with lumbosacral
plexopathy, the lower plexus was involved in 51%, upper plexus in
31%, and entire plexus in 18% (Jaeckle et al., 1985). Pain is common
and the initial symptom in approximately 70% of patients. The pain
is often dull and achy andmay be imprecisely localized, but may be
‘‘radicular” in nature, mimicking a radiculopathy. Weakness or
paresthesias is the presenting symptom in 15% of patients. If the
iliopsoas muscle is involved by tumor infiltration, patients may
have difficulty lying flat with their leg straight. On clinical examina-
tion, weakness and sensory loss in the leg are present in 86% and
73% of patients, respectively (Jaeckle et al., 1985). In patients with
sacral plexus involvement, symptoms and signs may involve the
foot or lower leg, and may mimic and L5 or S1 radiculopathy. Addi-
tional clinical features may include abdominal or rectal mass, leg
edema, and hydronephrosis. Bilateral, usually asymmetric plexus
involvement occurs in approximately 2/3 of patients.

4.3.3.2. Evaluation. EDX testing may demonstrate low motor and
sensory amplitudes on NCS and fibrillation potentials and large
MUP on needle EMG. The diagnosis of neoplastic involvement is
made by careful imaging studies. Magnetic resonance imaging
(MRI) is more sensitive than CT in showing a mass compressing
the plexus or thickening or enlargement of the plexus (Taylor
et al., 1997). FDG-PET imaging may also increase the sensitivity
in detecting tumor in the lumbosacral plexus.

4.3.3.3. Treatment and prognosis. Similar to neoplastic brachial
plexopathies, treatment is focused of treating the malignancy, usu-
ally involving radiation to the lumbosacral plexus, with or without
chemotherapy. Subjective improvement in symptoms, lasting a
mean of 4 months, has been reported in 85% of patients, with
objective improvement in 48% (Thomas et al., 1985). Symptomatic
treatment is similar to that for neoplastic brachial plexopathy.

4.3.4. Radiation-induced lumbosacral plexopathy
Radiation injury may involve lumbar and sacral plexus, or both.

Symptoms typically follow radiation treatment for malignancies in
the pelvic or lower abdominal regions, including lymphomas, tes-
ticular cancer, or gynecologic cancers. The onset of neurologic
symptoms may begin months or years following the radiation
exposure (Aho and Sainio, 1983). Clinical manifestations include
progressive weakness, sensory loss, and pain. Myokymic dis-
charges are found in approximately 60% of patients on needle
EMG, which can help to support radiation injury as the cause of
the plexopathy (Aho and Sainio, 1983; Thomas et al., 1985).

4.3.5. Hematoma, abscess, and aneurysm
The lumbosacral plexus may rarely be compressed by large

retroperitoneal hematomas, abscesses, or large aneurysms. Factors
such as anticoagulation usage or bleeding disorders may predis-
pose a patient to the development of an iatrogenic hemorrhage
(e.g following procedures in the groin such as puncture for vascular
access or abdominal or pelvic trauma or surgery), thereby increas-
ing the risk for psoas hematoma formation. While retroperitoneal
or groin hemorrhages accounted for only 11% of all complications
of femoral artery catheterizations in one study, when a hemor-
rhage into the iliacus or psoas muscle results in a compartment
syndrome, injury to the lumbar plexus or, less commonly, femoral
and/or obturator nerves, may develop (Lumsden et al., 1994; Abel
et al., 2018).

‘‘Other masses that may develop in structures neighboring the
lumbosacral plexus include retroperitoneal abscesses or femoral
artery aneurysms. Isolated aneurysms of the common iliac artery
are rare, but lumbosacral plexopathies have been described in sev-
eral patients (Gardiner et al., 2006). In these cases, pain in the low
back, buttock, hip, or thigh may occur over weeks or months,
although expansion of the aneurysmmay produce acute worsening
of symptoms” (Rubin, 2008).

Patients with masses or hematomas involving the lumbosacral
plexus present with pain and weakness, particularly in the thigh
region. Symptom onset and progression may be acute and rapid,
such as following trauma or vascular procedures, or gradual, such
as with abscess or aneurysm formation. Imaging studies including
ultrasound, CT, or MRI are diagnostic.

5. Summary

Diseases of the brachial and lumbosacral plexus pose a chal-
lenge for neurologists and other specialists who evaluate and treat
patients with spine and limb symptoms. The non-specific clinical
features and similar presentations to other root, nerve, and non-
neurologic disorders emphasize the importance of a high clinical
index of suspicion for a plexopathy. EDX testing is important to
confirm plexopathies, however the types of individual NCS and
the extensive needle examination require a comprehensive, indi-
vidualized, and technically cautious approach to each patient.
While the etiologies of plexopathies are usually not determined
with EDX testing, supplemental imaging and other testing, along
with a through clinical history, can be used. Treatment of plex-
opathies most often focus on symptomatic management, although,
depending on the etiology, specific targeted treatments may
improve outcome.
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