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Abstract

Neuromuscular ultrasound is an emerging technology for the evaluation of conditions affecting
nerve and muscle, with the majority of research focusing on focal neuropathies. Despite this focus,
researchers have also investigated the ultrasonographic changes that occur in the nerves and
muscles of those with more diffuse polyneuropathies and motor neuron diseases, and this review
will detail the findings in these conditions. Specific findings are discussed in this paper, but
general themes will also be presented and include the following: hereditary polyneuropathies show
diffuse nerve enlargement whereas immune-mediated polyneuropathies show more patchy
involvement; nerve enlargement is more profound in demyelinating than axonal polyneuropathies;
and muscle changes in motor neuron diseases include heterogeneous increases in echogenicity,
atrophy, readily detectable fasciculations, and increased subcutaneous tissue thickness.
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Introduction

The first studies related to neuromuscular ultrasound were published in the early 1980s by
Heckmatt and Dubowitz and focused on muscle ultrasound in boys with Duchenne's
muscular dystrophy (Heckmatt et al., 1982). In the late 1980s, Fornage published the first
paper on nerve ultrasound, and in 1992 Buchberger and colleagues described the
ultrasonographic changes in focal nerve disease (Fornage, 1988; Buchberger et al., 1992).

Subsequently, the field of neuromuscular ultrasound began to grow, but the first publications

on diffuse nerve conditions such as polyneuropathy and ALS did not occur until 1999
(Heinemeyer and Reimers, 1999). This review will evaluate the relevant literature regarding
the ultrasonographic evaluation of nerve and muscle in individuals with polyneuropathies

and motor neuron diseases and how it can be used in diagnosis and as a biomarker of disease

progression.
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High-resolution ultrasonography of peripheral nerves encompasses identifying specific
nerves, differentiating nerves from nearby structures, determining nerve size, assessing
nerve echotexture, and measuring nerve vascularity. Nerves can be scanned quickly over
long lengths, allowing for efficient and painless assessment of both distal and proximal
aspects of nerves. Nerve enlargement, measured as cross-sectional area (CSA), is the most
common parameter described in the neuromuscular ultrasound literature. CSA has good
validity and intra-observer and inter-observer reliability (Tagliafico et al., 2012; Cartwright
etal., 2013).

Hereditary Polyneuropathy (Charcot-Marie Tooth Disease)

Heinemeyer and Reimers published the first study imaging the radial, ulnar, median, and
sciatic nerves in patients with confirmed Charcot-Marie Tooth (CMT) 1A (Heinemeyer and
Reimers, 1999) in 1999. Interestingly, the authors did not find significant nerve size or
structural differences between patients with hereditary motor and sensory neuropathy and
healthy subjects. In this study, the median nerve distal to the forearm could be adequately
visualized in only 20 of the 50 healthy individuals, which is likely explained by the use of a
lower frequency 7.5 MHz transducer, and this lack of differentiating ultrasonographic
features has not been demonstrated in subsequent studies.

Martinoli et al. in 2002 described the main features of the median nerve in CMT patients
using high-resolution (12.5 MHz transducer) ultrasound (Martinoli et al., 2002). The mid-
forearm median nerves of 24 patients with genetically-confirmed CMT 1A and 2 were
imaged. CMT 1A patients showed larger nerve area and fascicular diameter compared to
CMT 2 and X-linked CMT patients, and no correlation between CSA or fascicular diameter
with height, body mass, or sex was observed. The peripheral nerves in CMT 1 were further
described in 2009 by 2 groups. Zaidman et al. compared 11 patients with either genetically-
confirmed CMT 1A or nerve conduction studies consistent with an inherited demyelinating
polyneuropathy to 90 healthy children and adults (Zaidman et al., 2009) This study
employed a nerve size index (NSI) that adjusted nerve measurements for height, derived
from linear regression, to help describe expected nerve size. The height of pediatric and
adult controls correlated with average nerve CSA along the length of the ulnar and median
nerves, which was observed independent of BMI, age, or gender. Explicit CSA values were
not published; however, in CMT 1A patients, the average NSI of the median and ulnar
nerves were enlarged 3.5 times compared to controls. Additionally, nerve enlargement was
diffuse and present in each CMT 1A patient.

In 2013, Pazzaglia et al. characterized the ultrasonographic features of the sural nerve in
CMT 1A (Pazzaglia et al., 2013). A total of 20 CMT 1A patients underwent ultrasound
evaluation of the sural nerve bilaterally and the right ulnar nerve. The sural nerve CSA was
not increased in the majority of patients. Of the 40 total sural nerve CSA measurements, 34
were within normal range. Only 2 patients had enlarged sural nerve CSA on either side. Also
observed was an increased ulnar nerve CSA present in CMT1A. The authors found inverse
relations between CSA of the ulnar nerve and BMI (R = -0.8, P <0.0002) and between
bilateral sural nerve CSA and age (R = -0.4, P = 0.00003).
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The safety, noninvasiveness, and painlessness of high-resolution ultrasound are intuitively
advantageous in pediatric patients, and ultrasound has been used to investigate nerve CSA in
pediatric CMT 1A patients. Yiu et al. in 2015 published the largest pediatric-dedicated
neuromuscular ultrasound study in CMT to date (Yiu et al., 2015). The CSA of the median,
ulnar, tibial, and sural nerves in 29 children were compared to age- and sex-matched
controls. Nerve CSA was significantly increased in children with CMT 1A compared to
controls (1.9- to 3.5-fold increase, P < 0.001), which was observed even in the youngest
patient (19 months old). The mean differences in nerve CSA ranged from 5.4 mm?2 (median
nerve at the wrist) to 11.3 mm? (tibial nerve at the ankle). This remained after adjusting for
differences in height between the 2 groups. The sural nerve at the ankle was noted to have a
larger CSA in CMT 1A children (4.0 mm?2 vs. 1.2 mm?, P < 0.001). This is in discrepancy
with the aforementioned Cartwright and Pazzaglia studies, which showed the absence of
sural nerve enlargement in the presence of upper extremity nerve enlargement in respective
adult subjects. It is unclear why this discrepancy was observed, but Yiu et al. state this may
reflect differences between early and late stages of disease, with more sural nerve axon loss
as the disease progresses. This study also found a strong positive linear correlation of nerve
CSA with age, height, and weight in both the CMT 1A and control groups. CMT 1A status
disproportionately increased the regression coefficient of nerve CSA with age at all nerve
sites excluding the sural nerve (1.9 to 5.9 times, P < 0.001).

In 2015, Noto et al. examined the median, sural, and great auricular nerves and the 6th
cervical nerve root in patients with CMT 1A, myelin protein zero (MPZ), neurofilament
light polypeptide (NEFL), early growth response 2 (EGR2), and rho guanine nucleotide
exchange factor 10 (ARHGEF10) associated forms of CMT (Noto et al., 2015). The study
confirmed the uniform enlargement of nerves, including the nerve root, in CMT 1A. CMT
1A nerve enlargement was greater than the increased CSA in median nerves of individuals
with MPZ, EGR2, and ARHGEF10 mutations. Measurements of the CMT2J patient were
nearly the same as the mean control values except for the median nerve at the wrist, and
NEFL mutations demonstrated CSAs comparable to controls. They concluded that nerve
ultrasound may aid in in CMT subtype differentiation, when used in combination with nerve
conduction studies.

In 2009, Cartwright et al. published the first study using ultrasound to measure nerve size in
patients with CMT 1B. CMT 1B is caused by mutations in the myelin protein zero (MPZ)
gene on chromosome 1922, leading to demyelinating CMT (Cartwright et al., 2009). The
investigators recruited 12 patients with CMT 1B, and 8 of the 12 CMT family members had
cranial neuropathies manifesting as hemifacial spasms and trigeminal neuralgia. It was
unknown if the observed cranial neuropathies were secondary to this family's particular
MPZ mutation or mutation in a linked gene. Compared to healthy controls, all 12 CMT 1B
patients had larger CSA of the median and vagus nerves. The median nerve at the mid-
forearm measured 20.42 mm? vs. 6.76 mm? in controls (P < 0.0001). Interestingly, the mean
CSA of the median nerve in this family was found to be smaller at the wrist than at the mid-
forearm (20.42 mm? to 13.67 mm?). The authors offered that the process resulting in nerve
enlargement in demyelinating CMT may be hindered due to the anatomic restrictions within
the carpal tunnel, and this should be considered when evaluating distal nerve entrapment in
those with demyelinating CMT. The vagus nerve measured 8.50 mm? vs. 5.88 mm?2 (P =
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0.018). The sural nerve of those with CMT 1B was slightly smaller than controls (5.00 mm?
vs. 6.33 mm?2, P = 0.046). The authors speculated the sural nerve may have more length-
dependent axon loss.

Ultrasound may be helpful in differentiating axonal and demyelinating subtypes of CMT. A
study has shown a significantly increased CSA of the median nerve in the predominantly
demyelinating CMT 1A, whereas in axonal CMT 2A nerve fascicle diameter is enlarged
(Schreiber et al., 2013). It should be noted that although the mean median nerve CSA and
fascicle diameter appeared larger than the CMT 2A group, this difference was not
statistically significant. This study did perform nerve conduction studies on individuals with
CMT 1A and CMT 2A. In CMT 1A, a significant inverse association between median nerve
CSA and fascicle diameter with conduction velocity and action potential amplitude was
observed. Spearman rank correlation coefficients were reported with the strongest
correlations seen with median nerve fascicle diameter at the forearm compared to motor
amplitude (K —0.93) and sensory amplitude (K —0.87). In CMT 2A, a significant inverse
association between the motor and sensory amplitudes and the median nerve CSA was
observed. The authors reported Spearman rank correlation coefficients for CSA at the wrist
compared to motor amplitude (K —0.92) and CSA at the forearm vs. sensory amplitude (K
-0.91). The study is limited by the size of the study (12 CMT 1A patients, 7 CMT 2A
patients) but does suggest correlation between ultrasound ad electrodiagnosis.

Consistent with Schreiber et al., the previously mentioned Noto et al. study also identified a
significant negative correlation between the CSAs of the median nerve and the motor
conduction velocities in corresponding segments. The decreased motor conduction velocities
in CMT 1A are a reflection of the progressive histopathological alteration of myelination
which may parallel increased CSA (Noto et al., 2015).

Hereditary Neuropathies: Summary and Recommendations

Although each study of neuromuscular CMT was somewhat different, with a variety of
genetic mutations, ultrasound devices, transducer frequencies, nerves studied, and
techniques employed, some general conclusions can now be postulated. It appears that those
with demyelinating forms of CMT have larger nerve CSA than those with axonal CMT, and
those with axonal CMT have larger CSA than healthy controls. This finding is particularly
notable in the CSA of the median and ulnar nerves in the forearm, whereas the sural nerve
showed only minimal differences between CMT and healthy controls. Additionally, the
nerve enlargement is diffuse in the nerves affected, rather than multifocal. No clear
abnormalities in nerve echogenicity or vascularity have been reported. Many studies
commented on enlarged fascicle size in those with CMT, but that has not been systematically
quantified. Correlation between neuromuscular ultrasound and electrodiagnostic features
shows an inverse association in both demyelinating and axonal CMT (Schreiber et al., 2013).

Immune-Mediated Polyneuropathies

Multifocal Motor Neuropathy (MMN)

The initial study of MMN was by Beekman et al., who evaluated 21 patients with MMN and
a mean disease duration of 12.4 years (range 2 to 39 years) (Beekman et al., 2005).
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Ultrasound of the brachial plexus, median, ulnar, and radial nerves was performed bilaterally
at multiple levels. 19 out of the 21 patients imaged had multiple nerve enlargements. The
authors saw no correlation between the number of enlargements and disease duration, and
the nerve enlargement was noted to be multifocal.

Padua et al. in 2012 demonstrated the multifocal, patchy nature of MMN in 2 patients
(Padua et al., 2012). These patients had severe motor deficits due to long-standing disease.
The patients exhibited inter- and intra-nerve variability in non-mutual nerves. In addition to
presenting a possible distribution pattern of ultrasound changes in 12 MMN patients,
Kerasnoudis et al confirmed significantly higher CSA values of the median, ulnar, and tibial
nerves compared to controls (Kerasnoudis et al., 2014). Pathologic CSA changes were seen
at distinct proximal and distal sites along the anatomic course of the imaged peripheral
nerves, highlighting the multifocal nature of MMN. Intra- and inter-nerve variability existed,
and consistent with the pathophysiology of MMN, no ultrasonographic changes were noted
in the sural nerve. A significant correlation between ultrasonographic and
electrophysiological findings between the compound muscle action potential (CMAP)
amplitude and CSA of the median nerve was detected (r = 0.851, P < 0.001). Individuals
with MMN had significantly lower values of motor conduction velocity and CMAPSs, both of
which were detectable in all 122 MMN patients. However, in those with very severe or
chronic MMN, such that nerve conduction studies are unmeasurable or too low to detect
block or slowing, ultrasound may be of use by detecting nerve enlargement.

Grimm et al. reported significant differences in ultrasound between MMN and ALS (Grimm
et al., 2015). They studied 17 patients with ALS and 8 patients with MMN and found more
nerve enlargement in MMN (P < 0.001). However, single nerve enlargements were observed
in ALS and controls as well. As expected, no differences in the sural nerve existed between
ALS, MMN, and controls. ROC curve analysis revealed a reliable boundary value
(sensitivity of 87.5%, specificity 94.1%) of nerve enlargement in at least 4 out of 10
landmarks to differentiate MMN from ALS.

Guillain-Barre Syndrome

A 2009 study by Zaidman et al. included 17 patients with GBS (Zaidman et al., 2009). The
authors found the median and ulnar nerves of these patients were 1.4-times larger than
controls. Ultrasound abnormalities were appreciated in 38% of these patients within 4 weeks
of disease onset, and no correlation with nerve conduction study parameters was found
(including motor latency, CMAP, or F-wave). Interestingly, 2 of these patients imaged within
the first two weeks of disease had nerve enlargement detected by ultrasound before
significant changes could be detected by electrodiagnosis.

Almeida et al. performed serial ultrasound of the upper and lower extremity nerves in an 8-
year-old boy at months 2, 4, and 5 after GBS (Almeida et al., 2012). Single nerve fascicles
were enlarged in some nerves with normal CSA. Nerves early in recovery did appear
hypoechoic. Some of the nerve CSAs returned to normal, suggesting that nerve enlargement
may reverse with improvement in symptoms.
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Kerasnoudis et al. described the correlation of nerve ultrasound, electrodiagnostic testing,
and clinical findings in 41 post-GBS patients (mean 3.4 years after onset) (Kerasnoudis et
al., 2013). There were electrophysiologic signs of permanent axon loss in the majority of
peripheral nerves. Ultrasound showed higher CSA of the ulnar, radial, tibial nerves, and
brachial plexus compared to controls. Three statistically significant findings were observed
with electrophysiology: the post-GBS group had longer distal motor latency in the fibular
nerve and F-wave latency in the tibial nerve; lower motor conduction velocity and CMAPS
in the median, ulnar, and tibial nerves; and lower values of the sensory conduction velocity
and sensory nerve action potentials in the ulnar, radial, fibular, and tibial nerves. No
correlation between sonographic and electrophysiological findings was found. Neither
electrodiagnostic testing nor nerve ultrasound correlated closely with functional disability.
The post-GBS group showed significantly higher intra- and inter-nerve CSA variability for
the median, ulnar, fibular, tibial nerves and the brachial plexus.

Grimm et al. presented the first study with ultrasound findings in the acute phase of the
disease (within 1 week of symptom onset) (Grimm et al., 2014). The vagal nerve and
peripheral nerves, including the 6™ cervical nerve root, were imaged in 18 patients 1-3 days
after onset. They found significantly increased CSA in all peripheral nerves except the
proximal ulnar nerve and sural nerves in patients with GBS. However, although the
differences were significant, many of the enlarged sites were within published reference
ranges. This may be due to the early evaluation of the disease. The vagus nerve was enlarged
most dramatically in patients with autonomic dysfunction. Both Grimm et al. and the
previously mentioned Kerasnoudis study found no correlation between nerve enlargement
and severity of disease.

Chronic Inflammatory Demyelinating Polyneuropathy

Ultrasonographic nerve enlargement was first reported in CIDP in 2004, and correlation
between nerve enlargement and sites of motor conduction velocity slowing was also detected
(Matsuoka et al., 2004) (see the Figure for an example of nerve enlargement at the site of
conduction block). In 2014, Zaidman and Pestronk retrospectively compared serial clinical,
electrodiagnostic, and nerve ultrasonography in 23 patients with CIDP (Zaidman and
Pestronk, 2014). Thirteen of these patients achieved remission, defined as stable clinical
improvement that persisted with reductions in medication or as continued improvement on
stable, low-dose treatment. Patients with enlarged nerves at baseline who achieved remission
had a greater reduction in nerve size compared to those not achieving remission (—41% vs.
+7%, P = 0.04).

Di Pasquale et al. described nerve ultrasound findings at noncompressible sites of the
median, ulnar, and fibular nerves in 19 patients with CIDP (Di Pasquale et al., 2015).
Abnormal nerve segments detected by ultrasound were associated more frequently with
demyelinating electrophysiology. Additionally, the degree of CSA enlargement within a
nerve segment correlated with longer disease duration, lower Medical Research Council
score, and higher Inflammatory Neuropathy Cause and Treatment disability score.

A previous study by Jang et al. in 2014 did not find a correlation between nerve enlargement
and clinical status (Jang el al., 2014). They did find nerve enlargement correlating with
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electrophysiologic dysfunction of nerves, as well as widely distributed nerve enlargement
most notably in proximal regions and non-entrapment sites. Motor nerve conduction
velocities of the median, ulnar, and tibial nerves negatively correlated with their respective
CSA. Sural sensory nerve conduction velocity also showed a negative correlation with sural
nerve CSA.

In addition to nerve enlargement in CIDP patients, a pilot study has demonstrated increased
epineural blood flow (Goedee et al., 2014). The increased vascularization may represent
proximal nerve inflammation and help in monitoring disease activity.

Immune-mediated Plexitis

Neuralgic amyotrophy, or idiopathic brachial plexitis or Parsonage-Turner Syndrome,
predominantly affects the motor nerves of the brachial plexus nerves and is characterized
byunilateral episodes of severe neuropathic pain followed by paresis and sensory loss. No
clear ultrasonographic pattern has been established in this disease in the literature. In our
lab, we have not detected ultrasonographic abnormalities in the brachial plexus, but
interestingly have noted in several cases that that anterior interosseous and/or posterior
interosseous has been unilaterally enlarged on the affected side. Further ultrasonographic
investigation is warranted in these individuals.

Immune-mediated Polyneuropathies: Summary and Recommendations

While research is somewhat limited regarding neuromuscular ultrasound in those with
immune-mediated polyneuropathies, some general trends have been noted. As opposed to
hereditary causes, those with immune-mediated polyneuropathies have patchy nerve
enlargement. Interestingly, the site of focal enlargement does not always correlate with
slowed conduction velocity, so electrodiagnosis and ultrasonography may truly be
complementary diagnostic modalities in those with immune-mediated polyneuropathies. In
addition to patchy nerve enlargement, focal areas of increased nerve vascularity have been
described in immune-mediated polyneuropathies, but the meaning of this increased
vascularity is unknown and deserves further investigation. The nature of the nerve
enlargement in these conditions does not seem to be permanent, as improvement in strength
and electrodiagnostic parameters correlates with decreased nerve CSA.

Diabetic Polyneuropathy

Surprisingly few studies have assessed the neuromuscular ultrasound findings in diabetic
polyneuropathy. Watanabe et al. evaluated the median nerve at the carpal tunnel and tibial
nerve at the ankle in 20 patients with diabetes using ultrasound and motor nerve conduction
studies, performed only in the upper limbs (Watanabe et al., 2009). CSA in the carpal tunnel
correlated with a reduced motor conduction velocity. The study found a slight increase in
CSA with lower echogeneity in patients with diabetic polyneuropathy. In this study it is
unclear if the changes seen in the diabetic polyneuropathy group were actually due to
diabetic polyneuropathy or entrapment. The authors suggest asymptomatic median
mononeuropathy may exist in diabetic patients, and the combination of nerve conduction
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studies and ultrasound may detect estimate median mononeuropathy at the wrist in these
individuals.

Liu et al. in 2012 imaged the sural nerve in patients with type 2 diabetes mellitus (Liu et al.,
2012). The authors reported significant CSA differences among controls, diabetic patients,
and diabetic patients with electrodiagnostically confirmed polyneuropathy. The values
published were 1.44 + 0.34 mm? in controls, 1.52 + 0.35 mm? in diabetic patients without
neuropathy, and 1.88 + 0.50 mm? in diabetic patients with neuropathy, which were
statistically significant but show considerable overlap and would be difficult to differentiate
with ultrasound alone in a given individual.

Also in 2012, Riazi et al. examined the association between CSA of the posterior tibial nerve
and presence of diabetic polyneuropathy in 98 patients (Riazi et al., 2012). The CSA of the
posterior tibial nerve was measured at up to 5 cm proximal to the medial malleolus. The
most significant values were reported at 3 cm above the malleolus with controls measuring
17.69 + 5.05 mm? and patients measuring 22.59 + 7.00 mmZ2. Conversely, Hobson-Webb et
al. found no significant differences in fibular (at the fibular head or popliteal fossa) or sural
nerve CSA, diameter, or echogenicity between controls and 25 patients with diabetic
polyneuropathy (Hobson-Webb et al., 2013). 17 patients had no response on sural sensory
nerve action potential testing.

Even more recently, Wang et al. were able to measure foot muscle atrophy in diabetic
patients with and without polyneuropathy using high-frequency ultrasound (Wang et al.,
2014). They measured the diameter, thickness, and CSA of the extensor digitorum brevis
(EDB) and thickness of the muscles of the first interstitium. The results showed these
parameters were significantly smaller in those with diabetic polyneuropathy than those with
no diabetic polyneuropathy and controls (P < 0.01).

Diabetic Polyneuropathy: Summary and Recommendations

Further research is certainly needed regarding the neuromuscular ultrasound findings in
those with diabetic polyneuropathy, but the current body of literature shows that those with
diabetic polyneuropathy do not have profound nerve enlargement, decreased echogenicity, or
increased vascularity compared to controls. While subtle increases in nerve CSA can be
demonstrated in those with diabetic polyneuropathy, these changes would be difficult to
detect in a given individual as the absolute differences from controls are small. Further
investigation of nerve fascicles, perhaps with very high-resolution ultrasound transducers, is
worth pursuing. In addition to changes within the nerves, the decreases in intrinsic foot
muscle thickness are of interest, and may eventually prove to be a responsive biomarker of
disease progression.

Other Polyneuropathies

Vasculitic Polyneuropathy (Mononeuritis Multiplex)

Systemic vasculitides can affect the epineurial vessels to produce sensory and/or motor
deficits and pain in different nerve regions. Thus, localization of lesions in these
neuropathies may be difficult. Ito et al. in 2007 aimed to determine the ability of ultrasound
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to morphologically evaluate vasculitic neuropathy of the tibial nerve at the medial ankle (Ito
et al., 2007). Compared to controls, the tibial nerve was hypoechoic and significantly larger
in those with vasculitic neuropathies (13.5 + 3.7 mm2 vs. 7.2 + 1.5 mm?, P < 0.05). The
authors hypothesized that the localized nerve enlargement is due to active vasculitic-
granulomatous lesions in the epineurium and intrafascicular edema, which were found in
biopsy specimens. However, it is notable that imaging in this study focused only on the tibial
nerve at the ankle, rather than the site of suspected nerve involvement.

A study in 2014 by Grimm et al. measured the CSA of peripheral nerves in 14 patients with
systemic vasculitic neuropathies (Grimm et al., 2014). Underlying diagnoses included
Sjogren's syndrome, necrotizing lupus-vasculitis, Churg-Strauss, granulomatous disease with
polyangiitis, and essential mixed cryoglobulinemia. The mean CSAs were significantly
increased most prominently in the tibial and fibular nerve (P < 0.01). Nerve enlargement was
found in 22 out of 31 clinically and electrophysiologically affected nerves (median, ulnar,
fibular, tibial, sural). The authors concluded that focal CSA enlargement detected by
peripheral nerve ultrasound could help facilitate earlier diagnosis and therapy in those with
vasculitic neuropathies. Similarly, it has also been postulated that nerve ultrasound might be
able to help guide sites for nerve biopsies and increased diagnostic yield of the biopsy in
suspected vasculitic neuropathy (Chipman et al., 2009). Perhaps a nerve with unobtainable
nerve conduction studies responses with enlargement seen on ultrasound may be a high-
yield target for biopsy, when indicated.

Transthyretin Mutations (Familial Amyloid Polyneuropathy)

The transthyretin (TTR) gene produces a homotetrameric plasma transport protein for
thyroxine and the retinal-binding protein vitamin A complex. Mutations in this gene cause
familial amyloid neuropathy, characterized by a small-diameter, length-dependent
sensorimotor polyneuropathy with autonomic involvement. Granata et al. first utilized
ultrasound for the evaluation of peripheral nerves in those with TTR mutations (Granata et
al., 2014). The median, ulnar, fibular, tibial, and sural nerves of 7 patients with TTR-related
neuropathy were imaged. Ultrasonographic abnormalities involving multiple nerves and sites
were seen in 6 of the 7 patients. However, they did not find a consistent ultrasonographic
pattern specific for TTR-related neuropathy; one patient had bilateral enlargement of ulnar
nerve CSA at the elbow and another had unilateral ulnar nerve CSA enlargement. More
studies are needed in this population to determine whether ultrasound can assist in diagnosis
and monitoring of disease progression.

Acromegaly

Through unclear pathophysiology, acromegaly may affect peripheral nerves. In 2008,
Tagliafico et al. examined the median and ulnar nerves of 34 nondiabetic, acromegalic
patients with ultrasound and nerve conduction studies (Tagliafico et al., 2008). The median
and ulnar nerve cross-sectional areas of these patients were significantly (P < 0.0001) larger
at sites of the upper extremity compared to sex-, age-, and BMI-matched controls (median
nerve at carpal tunnel 16.5 + 4.4 mm?2 vs. 7.4 + 1.7 mm?; median nerve at mid-forearm 10.5
+2.4mm?2vs. 5.5 + 1.4 mm?; ulnar nerve at mid-forearm 9.5 + 3.0 mm?2 vs 5.3 + 1.4 mm?,
ulnar nerve at distal arm 13.1 + 3.7 mm?2 vs 6.6 + 1.7 mm?2). Nerve conduction studies were
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abnormal in 13 of 22 patients for which they were obtained. No statistical correlation was
observed between nerve CSA and electrophysiological data. Insulin-like growth factor 1
(IGF1) levels correlated with cross-sectional area (r = 0.34) but not growth hormone (GH).
A subsequent 2009 study by Resmini et al. examined these same patients 1 year after initial
evaluation and demonstrated a reduction of cross-sectional areas of the mid-forearm median
nerve and mid-forearm and distal ulnar nerve in line with the reduction of GH/IGF-I levels
following treatment (Resmini et al., 2009).

Nerve tissue is involved in leprosy, a common cause of neuropathy world-wide. Temperature
sensation is typically affected first before pain. Proprioception and vibratory sense are
typically preserved. Ultrasound can be used to assess the peripheral nerves of individuals
with leprosy.

In 2009, Elias et al. evaluated 21 patients with leprosy with ultrasound, which was the first
report to correlate ultrasonographic findings with electrophysiologic findings in leprosy
(Elias et al., 2009). The CSA of the ulnar nerve was examined in 3 regions. In addition to
finding a significantly larger ulnar nerve CSA than in controls (P <0.01), the authors
determined a maximum ulnar CSA cutoff value of 9.8 mm?2 was the best discriminator
between healthy controls and those with leprosy (sensitivity 0.91, specificity 0.90).
Ultrasonographic abnormalities of these nerves include focal thickening, mixture of focal
hyper and hypoechoic areas, and loss of fascicular pattern. Focal ulnar nerve thickening
occurred in 90.5% of these patients with a tendency to be more severe above the medial
epicondyle. Electrophysiologic abnormalities were found in 16 of the 19 ulnar nerves
studied, and the 3 patients with normal electrophysiologic studies did have ultrasonographic
abnormalities, which supports the use of ultrasound in these patients.

Visser et al. measured the epineurial thickness of the ulnar nerve above the elbow in 26
leprosy patients with high-resolution ultrasound (Visser et al., 2012). The mean epineurial
thickness was 0.77 mm in symptomatic ulnar nerves, 0.58 mm in asymptomatic ulnar
nerves, and 0.49 mm in healthy controls (P = 0.0001). A correlation existed between the
CSA of the ulnar nerve and epineurial thickness (r = 0.64). No relation was observed
between the presence of increased blood flow in the ulnar nerve and epineurial nerve
thickening, though increased nerve vascularity was commonly detected in these patients.

Motor Neuron Diseases

Spinal Muscular Atrophy (SMA)

The spectrum of SMA phenotypes results from reductions of survival motor neuron protein
resulting in motor neuron loss and progressive weakness. SMA is categorized based on age
of disease onset: type I, the most common, with disease onset by age 6 months and death
within 2 years; type Il withonset of disease between ages 6 and 18 months; type 11l presents
after 18 months of age; and type 1V with adult-onset.

While there are no studies of nerve ultrasound in individuals with SMA, there are several
investigations of muscle ultrasound. Heckmatt et al. first described changes seen with
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ultrasound imaging of children with neuromuscular diseases, particularly muscular
dystrophy and SMA (Heckmatt et al., 1982). Muscular dystrophies were associated with
homogeneously increased intensity of echo from muscle substance with loss of contrasting
bone echo. Conversely, SMA showed heterogeneously increased muscle echogenicity, as
well as increased depth of subcutaneous tissue. Wu et al. evaluated the biceps brachii, wrist
extensors, quadriceps, and tibialis anterior of 25 patients with SMA types 2 and 3 to assess
the value of quantitative ultrasound in these individuals (Wu et al., 2010). The investigators
calculated a luminosity ratio for each muscle by comparing the echogenicity of the
subcutaneous tissue to the echogenicity of the muscle. A higher ratio indicates increased
muscle echo intensity and thus more involved muscle. In this study, quantitative ultrasound
was able to discriminate between SMA types 2 and 3. SMA luminosity ratios were greater
than controls and greatest in SMA type 2 (P < 0.001).

Amyotrophic Lateral Sclerosis

Early studies in ALS showed marked abnormalities with ultrasound, including reduced
muscle thickness, increased muscle echo intensity, and fasciculations (Arts et al., 2008). Arts
et al. in a longitudinal study assessed structural muscle changes in ALS over 6 months, and
confirmed increased muscle echo intensity and decreased thickness at baseline in ALS
patients. However, the pattern of muscle changes on ultrasound did not correlate with
functional measures such as manual muscle testing and the revised ALS functional rating
scale.

Ultrasound also shows promise as a biomarker of disease progression. Lee et al. serially
imaged muscles of 8 ALS patients and muscle thickness declined at a mean rate of —0.663
mm/month (P = 0.0014) (Lee et al., 2010). Cartwright found a thinner biceps/brachialis
complex in the ALS patients than controls, and suggested muscle thickness as a biomarker
(2.1 cmvs. 2.9 cm, P = 0.007) (Cartwright et al., 2011). This group also examined nerve
CSA in 20 patients, and the median nerve in the mid-arm was smaller in the ALS group than
in controls (10.5 mm?2 vs. 12.7 mm?2, P = 0.0023), though the difference was not profound
and likely would not serve as an effective biomarker. Schreiber et al. did not find significant
differences in median nerve CSA in their comparison of ALS patients and controls
(Schreiber et al., 2015), though they measured the median nerve at more distal sites.
Considerations in the relative proportion of motor and sensory fibers along the nerve's
course may help explain this discrepancy. Schreiber et al. did find a significant distally-
pronounced reduction of the ulnar nerve CSA, and suggested it as a potential marker for
lower motor neuron involvement. Finally, diaphragm ultrasound is a newer field, and it too
has promise as a biomarker in patients with ALS. Pinto et al. recently found a correlation
between ultrasonographic thickness of the diaphragm and the number of functional motor
units as assessed by phrenic nerve motor amplitude (Pinto et al., 2015).

Ultrasound has been found to be more sensitive for the detection of fasciculations than
visual inspection or EMG. With ultrasound and EMG, Misawa et al. analyzed 474 muscles
in 81 patients suspected of having ALS. EMG detected fasciculations in 71 out of 81
patients (88%), while ultrasound revealed fasciculations in 79 out of 81 patients (98%) (P =
0.02) (Misawa et al., 2011), and the combination of ultrasound and EMG substantially
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increased the diagnostic sensitivity of ALS when using the Awajji criteria. In another study,
Aurts et al. reported ultrasonography differentiating ALS from mimics with 96% sensitivity
and 84% specificity (Arts et al., 2012). These mimics included hereditary spastic paresis,
progressive supranuclear palsy, polyradiculopathy, myopathy, plexopathy, benign cramp
fasciculation syndrome, metabolic- and toxic-induced fasciculations, and mononeuropathia
multiplex. Additionally, ultrasound showed signs of lower motor neuron involvement in 15
of the 24 sites that were negative both clinically and on EMG. Utilizing ultrasound might aid
in the search for lower motor neuron involvement in the diagnostic work up of ALS by
reducing the number of muscles requiring needle examination.

Motor Neuron Diseases: Summary and Recommendations

In general, changes in nerve caliber and echogenicity are not marked in motor neuron
disease, though small statistically significant decreases in nerve area have been reported.
Much more prominent are the ultrasonographic changes in muscle in those with motor
neuron disease, with the typical pattern consisting of heterogeneous increases in muscle
echogenicity, muscle atrophy, and increased subcutaneous tissue thickness. In addition,
ultrasound is the most sensitive test for detecting fasciculations. Ultrasonographic imaging
of the diaphragm is a feasible and informative method for assessing motor neuron disease,
and ALS in particular. Though further investigation is needed, ultrasound can demonstrate
hemi-diaphragm atrophy, decreased ability of the diaphragm to thicken with inspiration, and
decreased ability of the diaphragm to move in those with ALS. Diaphragm and muscle
ultrasound have the potential to serve as responsive markers of disease progression in those
with ALS.
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Figurel.
The ulnar motor nerve conduction study and ulnar nerve ultrasound in an individual with

CIDP are depicted. The nerve conduction studies show a drop in amplitude when stimulation
at the wrist is compared to the forearm. Since no median-ulnar anastomosis was detected,
and similar amplitude drops were detected in other nerves, this is consistent with a
conduction block. At the site of ulnar conduction block in the forearm the ulnar nerve cross-
sectional area was greatly increased (28 mm?, indicated by arrow) compared with our
reference range (normal < 10 mm?). Additionally, large fascicles can be seen within the
nerve. The arrowhead points at the ulnar artery.
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Table 1

Ultrasound Findings in Polyneuropathies and Motor Neuron Diseases

Condition

Key Ultrasound Findings

Charcot-Marie Tooth Disease

Multifocal Motor Neuropathy

Guillain-Barre Syndrome

Chronic Inflammatory Demyelinating
Polyneuropathy

Diabetic Polyneuropathy

Vasculitic Polyneuropathy

Amyloid Polyneuropathy
Acromegaly
Leprosy

Spinal Muscular Atrophy

Amyotrophic Lateral Sclerosis

Demyelinating forms have CSAs 2.0-4.0x that of controls in the median and ulnar nerves.
Axonal forms have CSA 1.5-2.0x that of controls in the median and ulnar nerves.
The sural nerve is only enlarged in children.

Patchy increased CSA with inter- and intra-nerve variability; includes the brachial plexus
Focal nerve enlargements can differentiate MMN from ALS
Nerve enlargement does not correlate well with conduction block

Nerves may be enlarged before changes are detected by electrodiagnosis
Nerve enlargement is reversible with recovery

Patchy nerve enlargement
The site of focal enlargement does not always correlate with slowed conduction velocity

Nerve changes are subtle and not particularly helpful for diagnosis
Intrinsic foot muscle atrophy can be readily detected

Minor increase in nerve CSA
Can guide selection of nerve biopsy site

No standard abnormalities yet defined
Diffuse enlargement of nerve CSA

Ulnar nerve CSA enlargement
Increased epineurial thickness
Increased vascularity

Patchy increase in muscle echotexture
Increased subcutaneous tissue thickness

Normal to slightly decreased nerve CSA

Muscle atrophy and increased echogenicity

Ultrasound is more sensitive for the detection of fasciculations than visual inspection or EMG
Diaphragm thinning and increased echogenicity

May be a responsive biomarker of disease progression
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