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Abstract Ultrasound is useful for non-invasive visuali-

zation of focal nerve pathologies probably resulting from

demyelination, remyelination, edema or inflammation. In

patients with progressive muscle weakness, differentiation

between multifocal motor neuropathy (MMN) and amyo-

trophic lateral sclerosis (ALS) is essential regarding ther-

apy and prognosis. Therefore, the objective of this study

was to investigate whether nerve ultrasound can differen-

tiate between ALS and MMN. Systematic ultrasound

measurements of peripheral nerves and the 6th cervical

nerve root (C6) were performed in 17 patients with ALS, in

8 patients with MMN and in 28 healthy controls. Nerve

conduction studies of corresponding nerves were under-

taken in MMN and ALS patients. Electromyography was

performed in ALS patients according to revised El-Escorial

criteria. ANOVA and unpaired t test with Bonferroni cor-

rection revealed significant differences in cross-sectional

areas (CSA) of different nerves and C6 diameter between

the groups. Nerve enlargement was found significantly

more frequently in MMN than in other groups (p\ 0.001).

Receiver operating characteristics analysis revealed

detection of enlarged nerves/roots in at least four

measurement points to serve as a good marker to differ-

entiate MMN from ALS with a sensitivity of 87.5 % and a

specificity of 94.1 %. Ultrasonic focal nerve enlargement

in MMN was often not colocalized with areas of conduc-

tion blocks found in nerve conduction studies. Systematic

ultrasound measurements in different nerves and nerve

roots are valuable for detecting focal nerve enlargement in

MMN, generally not found in ALS and thus could serve as

a diagnostic marker to differentiate between both entities in

addition to electrodiagnostic studies.
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Abbreviations

ALS Amyotrophic lateral sclerosis

AUC Area under the curve

CIDP Chronic inflammatory demyelinating

polyradiculoneuropathy

CMAP Compound muscle action potential

CMT Charcot Marie Tooth

CSA Cross-sectional area

CV Conduction velocity

C6 Cervical nerve root 6

EFNS European Federation of Neurological Societies/

Peripheral Nerve Society

GBS Guillain-Barré syndrome

ICC Intraclass correlation coefficient

ICSAV Intranerve CSA variability

LMN Lower motor neuron

MMF Mycophenolatmofetil

MMN Multifocal motor neuropathy

NCS Nerve conduction studies

PNP Polyneuropathy

PNUS Peripheral nerve ultrasound
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PSW Positive sharp waves

ROC Receiver operating characteristics

SNAP Sensory nerve action potential

UMN Upper motor neuron

Introduction

Amyotrophic lateral sclerosis (ALS), a fatal neuromuscular

disorder affecting the upper and lower motoneurons (UMN

and LMN) leads to progressive muscle weakness, atrophy,

and bulbar symptoms [1, 2]. Deep tendon reflexes are

mostly exaggerated. Death usually occurs 2–3 years fol-

lowing diagnosis due to complications related to immo-

bility and respiratory failure. Diagnosis of ALS may be

delayed due to lack of biomarkers [3]. However, diagnosis

of ALS can be supported by electromyographic findings

such as fibrillations, positive sharp waves (PSW) or fas-

ciculations as a sign of LMN involvement and pathologic

motor-evoked potentials with delayed central motor

latency as an electrophysiological correlate of pyramidal

tract involvement [4, 5]. However, fibrillations, PSW, and

fasciculations can also be apparent in other neurogenic

disorders, e.g. polyneuropathies, radiculopathies, and other

peripheral nerve lesions.

Muscle ultrasound can facilitate and accelerate diagno-

sis of ALS by increasing the field of view for detecting

fasciculations at a higher sensitivity in bulbar muscles, e.g.

the tongue and thoracic muscles [6]. However, in some

instances, differentiation from other disorders may be dif-

ficult, in particular multifocal motor neuropathy (MMN).

Although MMN is rare, differentiation from ALS is

essential with regard to treatment and prognosis. MMN is

a treatable polyneuropathy affecting peripheral motor

nerves, often following the distribution of individual

nerves without involvement of sensory nerve fibers [7, 8].

Disease course can be stepwise or chronic progressive and

although deep tendon reflexes are mostly reduced or

absent, these may also be preserved. MMN diagnosis is

based on high titres of anti-ganglioside(G)M1-immuno-

globulin M antibodies and finding of (multifocal) con-

duction blocks outside of common nerve entrapment sites

[9, 10] without signs of UMN involvement. A conduction

block is the failure of transmission of an electrical

impulse in a circumscribed region along a peripheral

nerve, and is mostly due to focal demyelination. It has

been suggested that the disease is possibly immunologi-

cally mediated by binding of anti-GM1 antibodies to

neural structures [10]. In some instances, diagnosis of

MMN is more challenging in cases where conduction

blocks cannot be detected.

The role of peripheral nerve ultrasound (PNUS) in

detecting nerve enlargement and changes in echogenicity

such as hypoechoic fascicles, hyperechoic epineurium or

increased vascularization in inherited and immune-medi-

ated neuropathies have been previously described [11–23].

Reports indicate that PNUS can differentiate between

acquired immune-mediated demyelinating neuropathies

and axonal neuropathies by demonstrating nerve enlarge-

ment in patients with acquired demyelinating diseases,

since axonal types of polyneuropathy do not regularly show

nerve enlargement [11]. Similar findings have also been

described for inherited demyelinating and axonal Charcot-

Marie-Tooth disease (CMT) [21]. In inherited neuropa-

thies, generalized nerve enlargement occurs particularly in

CMT 1A, whereas in immune-mediated neuropathies, dif-

ferent patterns of nerve alterations ranging from normal to

focal as well as generalized alterations are seen [18, 21]. In

vasculitic neuropathies with axonal pattern of damage,

focal nerve enlargement also occurs [22, 23]. Thus, it has

to be hypothesized that nerve enlargement, altered echo-

intensity and vascularization could not only represent an

expression of de- and remyelination, but also signify a sign

of focal inflammation, edema, epineural fibrosis, and focal

damage in axonal as well as in demyelinating inflammatory

neuropathies [17, 18, 23].

Accordingly, description of focal nerve enlargement in

MMN patients by a number of authors is not surprising [20,

24, 25]. In ALS, nerve enlargement has, however, never

been detected and the authors describe a normal or even

reduced cross-sectional area (CSA) of upper extremity

nerves and a reduced diameter of the cervical nerve roots

[26–28].

The aim of this study was firstly, to compare results of

CSA measurements in nerves of upper and lower extrem-

ities, vagus nerve, and the sixths cervical nerve root in both

ALS and MMN and, secondly, to determine the role of

PNUS in differentiating between these two conditions.

Methods

Subjects

Between October 2012 and August 2014, we prospectively

performed standardized nerve ultrasound examinations in

patients who suffered from MMN and ALS as ascertained

by clinical and electrophysiological examinations as well

as laboratory findings. In addition, we examined a healthy

control group comprising medical staff or patients with

other neurological diseases (such as epilepsy, headache,

and vertigo), but without history of neuromuscular disor-

ders and with unremarkable neurological examination. The

study was registered in the German Clinical Trials Register
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(DRKS-ID: DRKS0005253) and approved by the local

ethics committee (No. 3663-01/13 and EKZN 2014-230).

Informed consent was obtained from all patients and con-

trols. Inclusion criteria included diagnosis of ALS

according to clinical signs and electromyography accord-

ing to revised El-Escorial and Awaji criteria [4, 5], or

diagnosis of MMN according to the EFNS criteria [29]. All

patients underwent a clinical neurological examination,

peripheral nerve ultrasound (PNUS), nerve conduction

studies (NCS), and electromyography. Healthy controls

underwent a clinical examination, PNUS and NCS.

Ultrasound

Ultrasonography was performed using a high frequency

14 MHz probe real-time linear array scanner (ZONARE

Ultrasound systems). Ultrasonography was performed

bilaterally in different nerves of the upper and lower limbs

and in the neck. Nerves were scanned in axial planes and

the cross-sectional area (CSA) of each nerve was measured

at standardized anatomical points as described before [11,

23]; in short—the median nerve in the upper arm, before

penetrating the pronator teres muscle (elbow) next to the

brachial artery, and in the middle of the forearm, the ulnar

nerve in the upper arm and at the mid-forearm; the tibial

nerve in popliteal space (proximal) and at medial malleolus

before its division into plantar nerves (ankle); the fibular

nerve 2 cm above the fibular head, and the sural nerve

between the lateral and medial head of the gastrocnemic

muscle. In addition, the CSA of the vagus nerve in the

carotid sheath beneath the carotid bifurcation and the

longitudinal diameter of the 6th cervical nerve root after

leaving the processus transversus were measured. Mea-

surement of nerves at entrapment sites (median nerve and

ulnar nerve at the wrist, fibular nerve at the fibular head)

was explicitly avoided. Nerve enlargement was defined

according to reference and boundary values taken from the

literature [11, 30]. Additionally, the maximum and mini-

mum CSA of the median and ulnar nerve were evaluated

by screening the whole nerve from the axilla to the wrist as

recommended in the literature [31]. CSA was traced inside

the hyperechoic rim of the nerve. Analysis of ultrasound

data was performed both online and off-line. Approxi-

mately, 40 min were needed for a complete ultrasound

examination of each patient. A second examiner evaluated

all ultrasound measurements off-line once again. Both

examiners were blinded to the electrophysiological mea-

surements of the patients.

Nerve conduction studies and electromyography

Nerve conduction studies were performed in MMN and

ALS patients as well as in controls at anatomical sites

corresponding to the nerve ultrasound measurements using

a standard electro-neurophysiologic device (Synergy 15.0,

VIASYS Healthcare UK Ltd.). Measurements were carried

out on the median nerve (from wrist up to the axilla and

Erb point), the ulnar nerve (from wrist up to the axilla and

Erb point), the tibial nerve, the fibular nerve, and the sural

nerve. Compound motor action potential (CMAP), motor

conduction velocity (CV), distal motor latency and F-wave

response were measured in all sensorimotor nerves (med-

ian, ulnar, tibial, and fibular) as well as sensory nerve

action potential (SNAP) and sensory conduction velocity

(CV) in median, ulnar, and sural nerves. Conduction blocks

were defined as at least a 50 % reduction in the amplitude

of the proximal CMAP compared to the amplitude of the

distal CMAP and a\30 % increase of proximal to distal

negative peak duration. In some MMN patients, high

voltage motor-evoked potentials were performed. Electro-

myography was performed in cases of suggested ALS in all

the defined four anatomical regions according to the

revised El-Escorial criteria (bulbar, trunk, arms and legs, in

detail: tongue, paravertebral thoracic, biceps brachii,

abductor pollicis brevis, vastus lateralis and tibialis

anterior).

Statistics

For statistical analysis, IBM SPSS Statistics, version 19

(Chicago, IL) was used. The unpaired t test was used to

evaluate differences concerning epidemiological data of

the groups. One-way ANOVA was used to detect differ-

ences of nerve CSAs and diameter of 6th cervical nerve

root between the groups (ALS, MMN, and controls),

unpaired t test was used to calculate differences between

MMN and ALS, ALS and healthy controls, or MMN and

controls. Post-hoc analysis was undertaken using Bonfer-

roni correction due to multiple t tests. Chi square test was

used to compare the frequencies of nerve enlargement in

the groups. Receiver operating characteristic (ROC) curve

analysis was performed to evaluate the differences in the

number of detected nerve enlargements between MMN and

ALS and to define a cutoff value for differentiation

between both pathologies with reliable sensitivity and

specificity. The ROC curve plots for each threshold value,

the proportion of false positives (i.e., 1 specificity on

x-axis) against the proportion of true positives (i.e., sensi-

tivity on y-axis). The overall precision of the diagnosis is

given by the area under the curve (AUC). An AUC of 1

represents highest accuracy, whereas an AUC of 0.5 rep-

resents purely random decisions independent from the

measurements with no diagnostic value of the test. Intra-

class correlation coefficients (ICC) were calculated to

evaluate off-line inter-rater and intra-rater reliability for

measurement of CSA and root diameter. Pearson
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correlation coefficients were calculated to quantify corre-

lations between NCS and ultrasonic findings.

Results

A total of 25 patients and 28 healthy controls were included

in the study. MMN was diagnosed in 8 patients according

to the EFNS criteria [29], detection of conduction blocks in

nerve conduction studies, and elevated anti-GM1-IgM

antibodies and/or therapeutic response to intravenous

immunoglobulins during an observational period of at least

6 months. Six patients were treated with immunoglobulins

during the examination period, one received myco-

phenolatmofetil and one was therapy naive. 7 out of 8

patients with MMN had elevated anti-GM1-antibodies and/

or measureable response to different therapeutic regimes.

17 patients received a diagnosis of definite or probable

ALS according to Awaji criteria and revised El-Escorial

criteria [4, 5]. Table 1 gives an overview of baseline

characteristics.

Table 2 shows NCS results of median and tibial nerves.

The results of the other nerves are not shown herein, but

were also used for diagnosis. In most of the MMN patients,

ultrasound and electrophysiology were not carried out at

the same time point. In seven MMN patients, at least one

conduction block was detected according to EFNS criteria,

mostly located in the median nerve of the forearm. In the

ALS group, the mean CMAP amplitudes of the tibial and

the median nerve, but not the ulnar and fibular nerve, were

significantly reduced in comparison to the controls

(p\ 0.05). Neither signs of demyelination, e.g. reduced

conduction velocity, nor conduction blocks were found in

ALS patients. Sensory nerve action potentials and nerve

conduction velocity of the sural nerve revealed no signifi-

cant differences between MMN and ALS (Fig. 1).

Table 3, Figs. 1 and 2 show the median CSA and/or

diameter results as well as the box plots of all peripheral

nerves, the vagus, and the 6th cervical nerve root for each

group. One-way ANOVA revealed significant differences

for CSAs for all measurement points of the sensorimotor

nerves, the vagus, and for the diameter of the 6th cervical

nerve root, most prominent in the proximal part of the

median nerve and the distal part of the tibial nerve

(p\ 0.001). The unpaired t test with Bonferroni correction

revealed significant differences for all these nerves in the

MMN group compared to the ALS group and to healthy

controls (excluding the vagus). However, no significant

differences could be detected between ALS patients and

controls (Table 3). No significant differences were found in

the sural nerves between the different groups. Pathological

nerve enlargement was defined according to published

boundary values [11, 30]. Figure 3a shows the results of

ROC curve analysis of the number of detected nerve

enlargements to diagnose MMN in contrast to ALS. A

number of C4 nerve enlargements reveal a reliable

boundary value with a sensitivity of 87.5 % and a speci-

ficity of[94 % to differentiate MMN from ALS. In con-

trast, ROC curve analysis showed no diagnostic value for

detection of nerve enlargements to differentiate between

ALS and controls (Fig. 3b). In MMN patients, significantly

more nerve enlargements (all peripheral nerves and the 6th

cervical nerve root) could be detected (Fig. 3c, Chi square

test, p\ 0.001). The sural nerve was excluded from this

comparison, because it has—as a pure sensory nerve—no

impact on the differentiation of MMN and ALS.

Table 1 Baseline characteristics of the study population

Control MMN ALS p value

N 28 8 17

Mean age in years ± SD 52.8 ± 17.2 55.6 ± 11.2 65.6 ± 13.3 0.129

Gender: men:women 17:13 8:0 9:6 0.063

Height in cm ± SD 174.0 ± 6.3 179.5 ± 10.7 170.7 ± 9.8 0.100

Weight in kg ± SD 68.0 ± 18.1 81.2 ± 13.1 71.4 ± 21.1 0.530

Duration of disease in months ± SD NA 41.2 ± 21.6 18.8 ± 18.3 0.016

Therapy 6 with IvIg

1 with MMF

1 no therapy

Clinical onset 7 Arm 7 Arm

1 Leg 6 Leg

4 bulbar onset

Others Anti-GM1-IgM-AB 6 positive, 1 negative, 1 NA

ALS amyotrophic lateral sclerosis, Anti-GM1-IgM-AB Anti-ganglioside M1 IgM antibodies, cm centimeter, IvIg intravenous immunoglobulin, kg

kilogram, MMF mycophenolatmofetil, MMN multifocal motor neuropathy, NA not available

Significant value is shown in bold
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The intranerve CSA variability (ICSAV) was calculated

for the median and the ulnar nerve (CSAmax/CSAmin). In

MMN, the ICSAV of median nerve was significantly

increased compared to healthy controls (p\ 0.05),

whereas in the ulnar nerve no significance was found

(p = 0.08). In addition, no significant differences were

found between ALS and MMN (see Table 3). Pearson

correlation revealed no significant relationship between

nerve conduction velocity and CSA measurements,

between conduction block site and ultrasonic focal nerve

enlargement in MMN and between amount of axonal

damage as well as CMAP amplitude reduction and nerve

CSA in ALS. Sub-group analysis (e.g. between bulbar

onset and spinal onset ALS) was not performed due to

small patient numbers. The intra-rater intraclass correlation

coefficient (ICC) of the off-line nerve ultrasound mea-

surements was 0.995, and interrater ICC was 0.990.

Discussion

Diagnostic differentiation between ALS and MMN pre-

sents a difficult clinical and electrophysiological challenge.

Heterogeneity of clinical onset and time course often

delays the diagnosis of ALS [3]. Moreover, a number of

other diseases may imitate ALS—especially in the early

stage of the disease. Some of the differential diagnoses

may offer a different prognosis and implicate specific

therapeutic options. A correct diagnosis of ALS is even

difficult using electromyography. However, additional

muscle ultrasound may facilitate diagnosis of ALS [6]. In

MMN, diagnosis can also be difficult due to the lack of

detectable electrophysiological parameters such as

conduction blocks [32]. Transcranial magnetic stimulation

or triple-stimulation techniques can be helpful here, but are

elaborate and not easily accessible [29]. Further, the

diagnostic accuracy of anti-GM1 testing ranges between 30

and 80 % [33].

Ultrasound of the peripheral nervous system proves to

be a useful additional diagnostic tool for diagnosis of

hereditary neuropathies [20, 21, 34–36] and acquired

immune-mediated acute and chronic neuropathies [13–20,

37–40]. In MMN, focal nerve enlargement has already

been previously described in ultrasound and magnetic

resonance imaging studies [20, 24, 25, 38]. Focal nerve

enlargements in MMN are not surprising as focal con-

duction blocks are found in several nerves and at different

sites. In contrast, pronounced generalized or multifocal

nerve enlargement has not been described in ALS to date.

Several authors have even described a reduction of nerve

CSA or nerve root diameter as a sign of atrophic nerves

[27, 28]. Therefore, it has been suggested that nerve atro-

phy is an expression of LMN loss.

In this study, in a population of patients with proven

diagnosis of MMN and probable or definite diagnosis of

ALS, ultrasonic measurements of the peripheral nerves

revealed significant differences between both disorders.

Median values of all peripheral sensorimotor nerves and

the vagus nerve were significantly enlarged in MMN in

comparison to ALS and healthy controls (Figs. 1, 2, 4). In

ALS, no significant differences were found compared to

healthy controls. However, the overall median CSA

enlargement was not as pronounced as described in other

populations, e.g. chronic inflammatory demyelinating pol-

yradiculoneuropathy (CIDP) [16, 18, 19]. This may be due

to the patchy and interindividual variable pattern of nerve

Table 2 Nerve conduction

studies

ALS amyotrophic lateral

sclerosis, CV conduction

velocity, CMAP composed

motor action potential, EFNS

European Federation of

Neurological Societies/

Peripheral Nerve Society, MMN

multifocal motor neuropathy,

SD standard deviation

Significance was set p\ 0.05.

Significant values are shown in

bold

Control MMN ALS ANOVA

Motor CV median nerve (m/s) Mean 53.4 Mean 38.0 Mean 55.1 p = 0.002

SD 4.6 SD 9.8 SD 5.1

CMAP amplitude median nerve (mV) distal Mean 9.8 Mean 5.7 Mean 4.6 p = 0.040

SD 3.3 SD 4.7 SD 0.7

CMAP amplitude median nerve (mV) proximal Mean 9.3 Mean 2.9 Mean 4.3 p = 0.020

SD 3.0 SD 4.7 SD 4.0

Motor CV tibial nerve(m/s) Mean 43.4 Mean 38.1 Mean 42.9 p = 0.104

SD 2.2 SD 7.2 SD 4.3

CMAP amplitude tibial nerve (mV) distal Mean 14.5 Mean 5.1 Mean 6.7 p = 0.002

SD 5.8 SD 2.2 SD 6.7

CMAP amplitude tibial nerve (mV) proximal Mean 12.7 Mean 3.2 Mean 5.1 p = 0.008

SD 5.5 SD 2.6 SD 4.7

Definite Conduction block(according to EFNS, 29) None 4 median None

1 ulnar

2 tibial

2 fibular
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involvement in MMN. Examination of the sural nerves as

purely sensory nerves showed no differences between ALS,

MMN, and controls. Thus, these findings are in line with

previous studies [24–28, 38].

The median diameter of the 6th cervical nerve root was

significantly increased in MMN—probably due to focal

inflammation of the nerve roots [38]. In contrast, no sig-

nificant differences to the controls could be detected in

ALS patients. In a later stage of ALS, nerve root atrophy

may be detected due to LMN degeneration [27, 28].

However, we need to consider that we only analyzed the

C6 nerve root diameter—due to the simplicity, which

serves as a limitation. To further evaluate the use of

cervical nerve root ultrasound, it is necessary to analyse

more nerve roots at more anatomical sites as well as to

measure the CSA instead of diameter.

The slight hypertrophy of the vagus in MMN patients is

an interesting finding which needs to be discussed in more

detail since MMN patients normally show no autonomic

dysregulation. Vagus hypertrophy is often described in the

Guillain-Barré syndrome (GBS) [39]. Nevertheless,

patients with inherited neuropathies or CIDP variants also

show vagus enlargement [40, 41] without autonomic dys-

regulation. All these neuropathies can also affect other

cranial nerves [8, 40, 41]. In addition to its parasympathetic

nerve fibers, the vagus nerve also contains motor fibers (i.e.

Fig. 1 Box plots of the

amplitude of sensory nerve

action potentials of the sural

nerve in lV and ultrasonic

cross-sectional area

measurements of the median

and the ulnar nerve at different

anatomical landmarks in mm2 in

multifocal motor neuropathy

(MMN), amyotrophic lateral

sclerosis (ALS) and healthy

controls. Significant results of

the unpaired t test with

Bonferroni corrections between

MMN and ALS and between

MMN and controls are in bold

print. No significances (ns)

were observed between ALS

and controls. Significance was

set p\ 0.05. The non-

significant p values are marked

with ns and are shown in

Table 3
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pharyngeal nerve and superior laryngeal nerve). Accord-

ingly, vagus nerve hypertrophy in MMN may be caused by

the involvement of these motor fibers and may be corre-

lated to dysphagia or hoarseness rather than to autonomic

dysregulation. In addition, it may be interesting to further

analyse other cranial nerves, such as the phrenic nerve or

the facial nerve in MMN using PNUS. However, the sig-

nificance of this result has to be interpreted with care as in

the current study, only two out of eight MMN patients

showed an increased CSA of the vagus nerve over 3 mm2,

a value that was not significant compared to the controls.

The most obvious difference between the groups was the

significantly higher number of nerve enlargements in

MMN in comparison to ALS and controls (Fig. 3c,

p\ 0.001). However, single nerve enlargement was also

found in some ALS patients. Thus, to differentiate MMN

from ALS with high sensitivity and specificity, boundary

values for the number of required nerve pathologies are

necessary. In our study population, ROC curve analysis

revealed nerve enlargement in at least 4 out of 10 land-

marks to serve as a reliable boundary value with a sensi-

tivity of 87.5 % and a specificity of 94.1 % to differentiate

MMN from ALS.

The ICSAV, described as a useful tool for differentiating

between MMN and CIDP by means of evaluating focal or

diffuse nerve enlargement (CSAmax/CSAmin; 31), showed

significant differences in our MMN population in the

median nerve in comparison to the control group

Fig. 2 Box plots of the cross-

sectional area measurements of

the fibular, the tibial, the sural

and the vagal nerve in mm2, and

the diameter of the cervical

nerve root 6 in mm in multifocal

motor neuropathy (MMN),

amyotrophic lateral sclerosis

(ALS) and healthy controls.

Significant results of the

unpaired t test with Bonferroni

corrections between MMN and

ALS and between MMN and

controls are in bold print. No

significances (ns) were

observed between ALS and

controls. Significance was set

p\ 0.05. The non-significant

p values are marked with ns and

are shown in Table 3

876 J Neurol (2015) 262:870–880

123



Fig. 3 a–c Receiver operating characteristics (ROC) curve of the

number of nerve and/or cervical nerve root enlargements to differ-

entiate between MMN and ALS (a) or between ALS and controls (b).
The detection of nerve enlargement at 4 or more measurement points

has a sensitivity of 87.5 % and a specificity of 94.1 % to diagnose

MMN (p\ 0.001). In contrast, no differences in the number of

enlarged nerves were found between ALS and controls (p = 0.531).

c The scatter blots of the number of enlarged nerves in all patients

and healthy controls. The Chi square test shows significant differ-

ences between MMN and ALS (p\ 0.001) and between MMN and

controls (p\ 0.001), but not between ALS and controls (p[ 0.05, ns

non-significant). Significances are set p\ 0.05 and are shown in bold

print

Table 3 Median Ultrasound results

Median CSA in

mm2/diameter

in mm (range)

Control MMN ALS ANOVA t test with

Bonferroni

MMN vs. ALS

t test with

Bonferroni

ALS vs.

control

t test with

Bonferroni

MMN vs.

control

Median nerve

upper arm

9.0 (6.0–13.0) 13.5 (11.0–18.0) 9.0 (7.0–16.0) p < 0.0001 p < 0.0001 p = 0.405 p < 0.0001

Median nerve

elbow

10.0 (6.0–13.0) 12.5 (9.0–48.0) 9.0 (6.0–15.0) p = 0.005 p = 0.009 p = 1.0 p = 0.008

Median nerve

forearm

7.5 (4.0–11.0) 10.5 (8.0–70.0) 6.0 (4.0–12.0) p = 0.001 p = 0.001 p = 1.0 p = 0.002

Ulnar nerve upper

arm

6.0 (4.0–14.0) 9.5 (8.0–25.0) 7.0 (5.0–11.0) p = 0.001 p = 0.001 p = 0.997 p = 0.001

Ulnar nerve

forearm

6.0 (3.0–9.0) 7.5 (5.0–15.0) 5.0 (3.0–10.0) p = 0.003 p = 0.002 p = 0.599 p = 0.024

Tibial nerve

popliteal

21.0 (13.0–28.0) 27.0 (21.0–65.0) 13.0 (17.0–33.0) p = 0.003 p = 0.012 p = 0.880 p = 0.002

Tibial nerve ankle 9.0 (6.0–13.0) 15.5 (8.0–23.0) 10.0 (4.0–13.0) p < 0.0001 p = 0.001 p = 1.0 p < 0.0001

Fibular nerve

popliteal

7.0 (6.0–12.0) 10.0 (7.0–19.0) 8.0 (4.0–13.0) p = 0.013 p = 0.036 p = 1.0 p = 0.012

Sural nerve calf 2.0 (1.0–3.0) 3.0 (1.0–7.0) 2.0 (1.0–3.0) p = 0.083 p = 0.157 p = 1.0 p = 0.101

Vagus nerve

carotid sheath

2.0 (1.0–3.0) 3.0 (2.0–5.0) 2.0 (1.0–3.0) p = 0.021 p = 0.020 p = 1.0 p = 0.069

C6 longitudinal

proc. transv.

3.4 (2.5–4.2) 4.2 (3.7–5.3) 3.2 (2.0–3.7) p = 0.001 p = 0.001 P = 0.751 p = 0.007

ICSAV median

nerve

1.38 SD 0.2 1.80 SD 0.7 1.58 SD 0.4 p = 0.052 p[ 0.05 P[ 0.05 p < 0.05

ICSAV ulnar

nerve

1.28 SD 0.2 1.48 SD 0.3 1.47 SD 0.5 p = 0.213 p[ 0.05 p[ 0.05 p[ 0.05

CSA cross-sectional area, ALS amyotrophic lateral sclerosis, ICSAV intranerve CSA variability, MMN multifocal motor neuropathy

Significance is set p\ 0.05. Significant differences are shown in bold
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(p\ 0.05). However, ICSAV showed no significant dif-

ferences between ALS and MMN, and as such does not

represent a differentiation tool here. This could be

explained by the relatively small CSA values in the median

and ulnar nerve in ALS with a predilection for distal nerve

segments, which may have influenced the variability score.

However, significant differences in comparison to the

controls were not found in our ALS group.

The pathophysiology of nerve enlargement in MMN is

not yet clear. In chronic demyelinating neuropathies, re-

and demyelination (onion bulbs) may play a role, while in

acute and subacute neuropathies, focal edema and inflam-

mation seem to cause nerve enlargement [39]. In addition,

the time course of nerve enlargement and nerve atrophy in

both diseases remains quite unclear so far. In CIDP, several

changes of nerve CSA, echogenicity and cervical nerve

root diameter depending on disease duration have been

described [18].

Nerve enlargement was observed in nerves with and

without CB in this study. The finding describing a missing

correlation between nerve enlargement and NCS pathology

has been reported several times in immune-mediated

neuropathies as well as in MMN [16, 24, 25]. Hence, we

suggest that NCS and PNUS characterize different

pathologies with regard to nerve damage. Ultrasound pro-

vides focal information reflecting morphology whereas

NCS offers information indicating functionality of the

nerve. However, it has to be considered that this study

focussed on nerve ultrasound, and ultrasonic examinations

have been done more detailed than NCS.

With respect to study limitations, we note that the study

population was small, the disease duration was signifi-

cantly longer in the MMN group, and the men to women

ratio predominated in the MMN group. All of the above

factors could have had an influence on the observed dif-

ferences in both groups. Other baseline characteristics

showed slight but not significant differences such as age,

height and weight and their influence on nerve morphology

also remains unclear [30]. In addition, the time points of

electrophysiological testing and ultrasound examination

differed in some of the patients. Thus, a comparison of

nerve pathology in PNUS and in NCS has some bias

potential and data need to be interpreted with care. The

sensitivity and specificity of this method were evaluated in

a study population in which this method was developed and

thus should be confirmed in a larger population in a mul-

ticentre, controlled study. A further challenge will be the

differentiation of MMN and other neuropathies using

PNUS.

The next step should be the examination of therapy

naı̈ve patients in the beginning stages of their disease to

have the same conditions in different groups and to eval-

uate the value of PNUS as diagnostic tool in the beginning

of the diseases.

In conclusion, systematic ultrasonic measurements of

CSA in different peripheral nerves and the vagus nerve,

and measuring the diameter of the cervical nerve roots

provide an additional tool for differentiating between ALS

and MMN with ROC curve-based boundaries for the

detected number of nerve enlargements. In the majority of

Fig. 4 Axial ultrasound of the tibial (long arrow) and fibular (short

arrow) nerve in the poplitea in a patient with amyotrophic lateral

sclerosis (a) and in a patient with multifocal motor neuropathy

(b) compared to a healthy control (c). In multifocal motor neuropathy

cross-sectional area (CSA) is increased (tibial nerve: 44 mm2 in

MMN, 18 mm2 in ALS, 24 mm2 in control; fibular nerve: 11 mm2 in

MMN, 7 mm2 in ALS, 8 mm2 in control)
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cases, both diagnoses can be undertaken by performing a

meticulous clinical examination and electrodiagnostic

studies. However, diagnosis can be difficult in the early

stage of the disease due to lack of signs of upper moto-

neuron in ALS [3] and because of missing conduction

blocks in MMN [32]. Thus, the ultrasonic finding of mul-

tifocal nerve enlargement can strengthen the diagnosis of

MMN in contrast to ALS, and therefore, warrants a bene-

ficial therapy with immunoglobulins.
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