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1 Introduction 

1.1 Neuropathy of the peripheral nervous system 

1.1.1 Definition of neuropathy  

Neuropathies are a common neurological condition. The overall prevalence is 

estimated 2.400 cases per 100.000 in the general population excluding traumatic 

nerve injuries with an increase to 8.000 per 100.000 at > 55 years of age (England 

and Asbury 2004). Neuropathies can be classified as mononeuropathies, 

multiplex mononeuropathies or polyneuropathies. Mononeuropathy implies a 

(focal) lesion of one single peripheral nerve. Multiplex mononeuropathy describes 

a random, multifocal pattern with multiple separated nerves involved either 

simultaneously or serially (England and Asbury 2004). In the following, the term 

“neuropathy” includes mononeuropathy, mononeuritis multiplex, and 

polyneuropathy. The heterogeneous group of neuropathies can be further 

subdivided into acquired and hereditary neuropathies. Acquired neuropathies 

can be of diverse etiology such as metabolic, paraproteinemic, toxic, 

autoimmune-mediated or may be caused by malnutrition, or infections. The 

clinical presentation is characterized by temporal course, pattern of clinical 

manifestation, sensory and motor deficits, quality and distribution of neuropathic 

pain, trophic changes, muscular atrophy, and autonomic involvement 

(Hufschmidt 2017).  

1.1.2 Diagnostic approach to neuropathies 

Sensory symptoms (e.g. numbness, tingling), muscle weakness, autonomic 

symptoms, or neuropathic pain may indicate peripheral neuropathy. The detailed 

medical history should be obtained, together with a complete neurological 

examination. Electromyography (EMG) and nerve conduction studies (NCS) are 

used to confirm the diagnosis, exclude differential diagnoses, localize the area of 

pathology, confirm the modalities affected (sensory and/or motor), define whether 

the neuropathy is secondary to axonal loss or demyelination, and to estimate 

disease severity and prognosis (Watson and Dyck 2015). Basic laboratory 

examination should include (alphabetic order): Bence-Jones-proteins in urine, C-

reactive protein, differential blood count, electrolytes, erythrocyte sedimentation 
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rate, immunofixation, liver and kidney function tests, and the thyroid stimulating 

hormone. Laboratory tests should be extended individually depending on the 

suspected diagnosis. Additionally, the examination of cerebrospinal fluid is useful 

in the differential diagnosis of suspected inflammatory neuropathies (Heuß 2019). 

After adequate clinical, electrophysiological, and laboratory investigation nerve 

biopsy is often the final step in the diagnostic work-up of patients with 

neuropathies of unknown origin. These nerve biopsies should be performed, 

processed, and evaluated at specialized centers (Sommer et al. 2010). Imaging 

modalities such as high-resolution nerve ultrasound (HRUS) or magnetic 

resonance imaging (MRI) are promising novel methods detecting specific 

alterations in patients with neuropathies and are increasingly integrated in clinical 

routine.  

1.2 Amyotrophic lateral sclerosis (ALS) 

1.2.1 Definition and clinical presentation of ALS 

ALS is a fatal, neurodegenerative disease of the motor system. According to 

population-based studies, the incidence of ALS in Europe is about 2.16 per 

100.000 person years; men have a higher incidence than women. The overall 

population-based lifetime risk for ALS is estimated 1:350 for men and 1:400 for 

women. Up to 90% of patients diagnosed with ALS are classified as having a 

sporadic disease, whereas the remaining 10% are assumed to be genetic. The 

peak age of onset for sporadic disease is between 58 – 63 years and between 

47 – 52 years for genetic variants (Kiernan et al. 2011). The key characteristic of 

ALS is an impairment of the first and second motor neuron. Neuropathologically, 

ALS is defined by a lesion in the corticospinal tract, the anterior motor horn cells 

of the spinal cord, and bulbar motor nuclei of the cranial nerves. Clinically, focally 

beginning atrophic paresis and indications for lesions of the corticospinal tract 

may be found. Generalized fasciculations and muscle cramps are also frequent, 

but unspecific signs. Pain and sensory disturbance are not primary symptoms of 

ALS, however, mild sensory involvement does not exclude the diagnosis (Devigili 

et al. 2011, Ludolph 2014).  
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1.2.2 Diagnostic approach to ALS 

ALS is diagnosed according to clinical criteria. Further basic diagnostics are NCS, 

EMG, measurements of weight and body mass index, lung capacity, and blood 

tests to exclude other diseases. In addition, lumbar puncture, muscle and nerve 

biopsy, neuropsychological tests, cranial and spinal MRI, extended blood and 

urine tests, pulmonary function analysis, and examination of bulbar functions 

such as swallowing are carried out. If the family history is positive for ALS, 

dementia or psychiatric diseases, genetic testing is recommended (Ludolph 

2014). The implementation of new and reliable diagnostic tools and procedures 

are warranted in ALS, which is of importance in an early stage of disease to detect 

differential diagnoses such as neuropathies.  

1.3 High-resolution nerve ultrasound (HRUS) 

1.3.1 Technical requirements and sonographic imaging with HRUS 

HRUS in clinical and research use requires specific hardware tools: For 

superficially located nerves (e.g. median nerve), high frequency linear probes 

usually up to 18 MHz are necessary; lower frequencies (5-15 MHz) are 

advantageous for nerves in deeper layers such as the sciatic nerve (Kerasnoudis 

et al. 2015). In some studies, the manual tracing method is preferred 

(Kerasnoudis et al. 2014), while in others the ellipse tool is used (Alshami et al. 

2009). A combination of both measuring methods was reported as well. There is 

evidence that the usage of zoom could artificially increase the cross-sectional 

area (CSA) of measured nerves (Jelsing et al. 2015). The usage of color Doppler 

can prevent inadvertent overestimation of nerve size due to inclusion of blood 

vessels (Jang et al. 2014). Also, there is no standardized protocol of nerves that 

should be examined with HRUS when investigating patients with neuropathies 

and ALS.  

1.3.2 Echotexture of nerves when assessed with HRUS  

Normal peripheral nerves show a characteristic echotexture: nerves appear 

tubular with multiple hypoechoic bands in longitudinal and multiple round 

hypoechoic areas in the transverse plane which is generally described as a 
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fascicular or honeycomb pattern (Goedee et al. 2013, Suk et al. 2013). Figure 1A 

illustrates the typical presentation of the median nerve situated at the wrist in 

cross section. The nerve is shown with its hyperechoic rim and fascicular intrinsic 

structure surrounded by the tendons and blood vessels of the distal forearm. 

Figure 1B illustrates median nerve in longitudinal plane. In longitudinal section 

the upper and lower rim of the nerve is hyperechoic, and the fascicular intrinsic 

structure can be seen equally.  

HRUS is a relatively low-cost and widely available technique with short 

acquisition time. HRUS provides the advantage of dynamic imaging examination 

of peripheral nerves (Decard et al. 2018). It allows peripheral nerves to be 

visualized with an excellent resolution and has proven to be reliable, effective, 

non-invasive, and is tolerated well by patients. The resolution of sonography has 

improved considerably in the last decade. As many peripheral nerves run a 

superficial course, they are easy to access with sonography and can be 

examined over a long distance in a few minutes. Even very small nerves such as 

the sural nerve and fascicular patterns can be studied (Goedee et al. 2013). One 

drawback of HRUS is the intra- and interrater reliability, which very much depends 

on the examiner`s experience (Decard et al. 2018). Furthermore, nerves can be 

A 

B 

Figure 1:   Median nerve at wrist of healthy control – cross-section and longitudinal section 
A) Median nerve at wrist, cross section (arrow) B) Median nerve at wrist, longitudinal section (arrow) 
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difficult to visualize when they are located deeply or surrounded by fatty tissue 

and they may become invisible beneath bones because of acoustic shadowing. 

The field of view is relatively narrow, which can partially be overcome by applying 

panoramic view (Goedee et al. 2013). 

1.4 HRUS - nerve alterations in neuropathies and ALS 

Several studies have been published on HRUS in patients with mainly 

autoimmune inflammatory neuropathies reporting alterations in size and 

echotexture of the investigated nerves. Some neuropathy subtypes such as 

multifocal motor neuropathy (MMN), chronic inflammatory demyelinating 

polyneuropathy (CIDP), hereditary neuropathy with liability to pressure palsies 

(HNPP), and Charcot-Marie-Tooth (CMT) disease have been described in detail. 

Several examination strategies were developed to describe and measure 

patterns of nerve enlargement in CMT, CIDP, and other inflammatory and 

immune-mediated neuropathies. These patterns were mostly derived from 

reports of relatively small numbers of patients and different imaging protocols 

were used. Therefore this pattern need to be validated before used in routine 

diagnostics (Telleman et al. 2018). Little literature is available comparing 

neuropathies among each other and to ALS in single center studies with 

homogeneous recruitment and examination procedures. Most studies included 

one type of neuropathy comparing HRUS findings to clinical examination and 

NCS. Hardly any data exists on the correlation of sonography results and 

histological findings in nerve biopsies (Goedee et al. 2013, Grimm et al. 2014, 

Scheidl et al. 2014, Loewenbruck et al. 2016).  

1.4.1 HRUS findings in patients with demyelinating neuropathy  

The majority of neurosonographic studies of inflammatory neuropathies were 

performed in patients with demyelinating neuropathies and investigated 

alterations of the CSA at different nerve sites compared to both healthy and 

disease controls. In patients with CIDP, focal enlargement of the CSA was shown, 

partly with hypoechoic or heterogeneous hypo- and hyperechoic fascicles 

(Imamura et al. 2009, Padua et al. 2014, Di Pasquale et al. 2015). Additionally, a 

hypertrophy of cervical nerve roots was seen in most patients (Matsuoka et al. 



Introduction 

6 
 

2004). In a pattern analysis, widely distributed nerve enlargement  in particular at 

non-entrapment sites and in proximal regions was found in comparison to healthy 

controls (Jang et al. 2014). In patients with multifocal acquired demyelinating 

sensory and motor neuropathy (MADSAM) focal nerve enlargement was 

detected at multiple sites (Scheidl et al. 2012). HRUS examination of patients 

with MMN showed inhomogeneous, focal to multifocal enlargement of CSA, with 

weak correlation to NCS findings: alterations were seen in patients with and 

without electric conduction blocks. Increased CSA of nerves was detected in both 

electrophysiologically and clinically affected and unaffected nerves(Beekman et 

al. 2005, Kerasnoudis et al. 2015, Rattay et al. 2017). For CMT-1A, CMT-1B, and 

CMT-2A, an enlargement of the CSA was reported, whereas no nerve 

enlargement was found in patients with CMT-X (Heinemeyer and Reimers 1999, 

Martinoli et al. 2002, Cartwright et al. 2009, Zaidman et al. 2009, Schreiber et al. 

2013). For patients with HNPP, the highest rate of enlargement of the CSA was 

seen at entrapment points such as the ulnar sulcus and at the fibular head. 

Additional nerve enlargement was also found at non-entrapment sites (Padua et 

al. 2018). Neurosonographic nerve enlargement was also found in the proximal 

median nerve and brachial plexus especially in chronic inflammatory 

neuropathies such as CIDP, MADSAM, and MMN (Goedee et al. 2016).  

1.4.2 HRUS findings in patients with axonal neuropathies 

It was described that nerve enlargement was more often seen in vasculitic 

neuropathies than in other axonal neuropathies, but was less frequent than in 

demyelinating neuropathies (Grimm et al. 2014). Enlargement of nerves at the 

upper extremity detected with HRUS proximal to sites of nerve compression with 

the exception of the brachial plexus may indicate a characteristic pattern of 

vasculitic neuropathy (Goedee et al. 2016). At the lower extremity, nerve 

enlargement could be detected for the CSA and the LD compared to disease 

controls with non-immune-mediated neuropathies and healthy controls (Üçeyler 

et al. 2016). Inconsistent data exist on the distribution of nerve alteration in 

patients with vasculitic neuropathy. Patients with systemic vasculitic neuropathy 

are mostly not distinguished from those with non-systemic vasculitic neuropathy 
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(NSVN) and nerve biopsy was not always performed to ensure definite diagnosis 

of vasculitis (Scheidl et al. 2014).  

1.4.3 HRUS findings in patients with ALS 

Nerve size in patients with ALS was compared to those in patients suffering from 

MMN and to healthy controls. No difference of CSA was found between the ALS 

and the control group, whereas median values of the CSA distinguished between 

ALS and MMN, and between MMN and controls (Grimm et al. 2015). 

Consecutively, a high diagnostic accuracy of discrimination between MMN and 

ALS was confirmed suggesting high sensitivity and specificity (Loewenbruck et 

al. 2016). It is of note, that nerve enlargement was found at common sites of 

nerve compression and nerves of the lower extremity in patients with ALS 

compared to disease controls from a cohort of patients in outpatient clinics 

(Goedee et al. 2016). There is a lack of studies investigating large patient cohorts. 

1.5 Hypothesis and research questions 

HRUS is a complementary method in the diagnostic procedure of peripheral 

neuropathies. The objective of our study was to examine its diagnostic utility for 

the differentiation between subtypes of both axonal and demyelinating 

neuropathies by investigating clinical, electrophysiological, histological data, and 

sonological records. Additionally, patients with ALS were included to investigate 

potential sonographic differences between patients diagnosed with neuropathy 

and patients diagnosed with ALS. We hypothesized:  

1) Neuropathy causes enlargement of peripheral nerves compared to healthy 

controls. ALS does not cause enlargement of peripheral nerves compared 

to healthy controls.  

2) Enlargement of peripheral nerves can be detected by measurement of 

CSA and LD. Both types of measurements deliver comparable results.  

3) Axonal and demyelinating neuropathies show distinct patterns of nerve 

enlargement. The subtypes of axonal and demyelinating neuropathies can 

be identified by HRUS.  

4) Histological findings show corresponding measurement alterations in 

HRUS.  
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2 Patients, Material, and Methods 

2.1 Recruitment of patients and healthy controls 

The Würzburg Medical Faculty Ethics Committee approved our study (AZ 9/15). 

Recruitment took place between February 2015 and February 2018. All study 

participants gave written informed consent before inclusion. 

2.1.1 Healthy control cohort 

We enrolled 30 healthy volunteers. Controls were recruited from among relatives 

and acquaintances of patients. To exclude controls with any suspect of 

neuropathy, motor neuron disease, and nerve pathology, a standardized medical 

history and neurological examination was performed.  

2.1.2 Patient cohort  

We prospectively recruited patients with suspected neuropathy or ALS. Patients 

were enrolled as in- or out-patients at the Department of Neurology, University of 

Würzburg. Patients were excluded if neither a neuropathy nor ALS was 

diagnosed after diagnostic assessment. A medical history was taken, 

neurological examination, NCS, blood tests, and examination of cerebrospinal 

fluid were conducted. In addition, standardized scores and questionnaires were 

applied for the assessment of neuropathic pain, depression, disability, paresis 

and sensory impairment due to neuropathy. If the etiology remained unclear, 

nerve biopsy was performed respectively.  

2.2 Neuropathies were diagnosed applying the following criteria:  

2.2.1 Axonal neuropathies 

▪ Vasculitic neuropathy: The diagnostic group of vasculitic neuropathies 

contains two subgroups: neuropathies as organ manifestation during 

systemic vasculitic neuropathy (SVN) and NSVN. SVN may occur 

secondary to disorders such as rheumatoid arthritis or viral infections. The 

International Chapel Hill Consensus Conference classification is the most 

accepted classification (Gwathmey et al. 2014). NSVN is diagnosed 

according to consensus recommendations (Collins et al. 2010) and the 
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diagnostic criteria developed by the Brighton Collaboration in 2015. The 

predominant clinical manifestations are asymmetric paresis, sensory 

disturbance, and pain. In the neurological examination, most patients 

present with sensorimotor signs. In nerve conduction studies reduced 

compound muscle action potential is shown. Nerve biopsy reveals 

transmural inflammatory infiltrations and is the diagnostic gold standard 

(Collins and Hadden 2017).  

▪ Progressive idiopathic axonal neuropathy (PIAN): Patients were 

diagnosed following published criteria (Vrancken et al. 2004). Clinically, 

these patients show a rapid or subacute onset and a continuously or 

intermittent progressive course of disease with a distally symmetric 

distribution of sensory and motor symptoms. Neurological examination 

reveals both proximal and distal weakness, sometimes involvement of the 

cranial nerves, and often distal sensory impairment. NCS show reduced 

compound muscle action potentials. Sural nerve biopsy indicates axonal 

degeneration (Vrancken et al. 2004).  

▪ Chronic idiopathic axonal polyneuropathy (CIAP): Diagnostic criteria were 

published in 1993 (Notermans et al. 1993). Neuropathy shows a slow 

disease onset and develops gradually over months and years. Clinically, 

a symmetrical distribution of both sensory and motor impairment of the 

limbs with a distal distribution can be observed. Neurological examination 

reveals sensory symptoms such as paresthesia, numbness, and burning 

pain. Typical motor symptoms are cramps, bilateral foot drop, and gait 

disturbance. NCS show a reduction of both the sensory nerve action 

potential amplitude and the compound muscle action potential amplitude. 

Nerve conduction block is not found in these patients. Nerve biopsy shows 

axonal degeneration and no signs of demyelination, inflammation, 

vasculitis, or amyloidosis were found (Notermans et al. 1993). 

▪ Acute motor and sensory axonal neuropathy (AMSAN): Diagnosis was 

made following published criteria (Feasby et al. 1993). The clinical course 

often shows severe motor and sensory impairment with rapid progress 

after onset including limb weakness and severe autonomic symptoms. 
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Neurological examination reveals distal loss of pinprick and vibration 

sense, areflexia, facial weakness, and limb weakness, which can range 

up to tetraplegia. Nerve conduction studies show reduced compound 

muscle action potential amplitudes. Nerve biopsy reveals severe axonal 

degeneration without inflammation (Feasby et al. 1993, Trojaborg 1998). 

▪ Diabetic neuropathy: The Diabetic Neuropathy Study Group of the 

European Association for the Study of Diabetes published respective 

diagnostic criteria (Tesfaye et al. 2010). The most common clinical 

manifestation of diabetic neuropathy is a distally symmetrical 

polyneuropathy, but other patterns such as small fiber predominant 

neuropathy, radiculoplexopathy, and autonomic neuropathy can occur as 

well. Clinical examination reveals motor weakness, areflexia, allodynia, 

hyperalgesia, and impaired vibration sense, beginning at the feet with 

symmetric, predominantly sensory symptoms. (Callaghan et al. 2012). 

Nerve conduction studies typically show a length-dependent, axonal, and 

sensorimotor neuropathy (Russell and Zilliox 2014) Sural nerve biopsy is 

not part of the diagnostics of diabetic neuropathy. 

▪ Axonal neuropathy of unknown etiology: In respective patients signs of 

axonal impairment were found in NCS and/or nerve biopsy, but a more 

specific diagnose could not be made at time of inclusion.  

2.2.2 Demyelinating neuropathies 

▪ Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP): The 

diagnosis of CIDP was made according to the Inflammatory Cause and 

Treatment (INCAT) criteria (Sander and Latov 2003). The classical clinical 

pattern evolves over more than two months with a sensory and motor 

neuropathy. A typical clinical finding in neurological examination is a 

symmetrical motor predominant peripheral neuropathy that produces both 

distal and proximal weakness as well as generalized areflexia. Nerve 

conduction studies show slowed conduction velocities, temporal 

dispersion, and conduction block. In nerve biopsy, segmental 

demyelination can be found along with onion bulb formation and 

endoneural inflammation (Dyck and Tracy 2018) 
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▪ Multifocal acquired demyelinating sensory and motor neuropathy 

(MADSAM): The diagnosis of MADSAM is based on the description by 

Lewis and Sumner (Lewis et al. 1982) MADSAM clinically presents as 

asymmetric sensorimotor neuropathy, which shows focal affection of 

individual nerves focused at the upper extremities. Nerve conduction 

studies show multifocal conduction blocks. Nerve biopsy reveals signs of 

demyelination and remyelination with varying degree of fiber loss 

(Rajabally and Chavada 2009).  

▪ MMN: The diagnosis is made according to the EFNS/PNS guideline (van 

Schaik et al. 2006, Hadden et al. 2010) . MMN is a asymmetric neuropathy 

with predominantly distal weakness and without sensory impairment of two 

or more peripheral nerves, without signs of an affection of the upper motor 

neuron. Among motor impairment, neurological examination can reveal 

decreased or absent tendon reflexes, cramps or fasciculations. 

Neurophysiological assessment typically reveals demyelination with 

conduction blocks (Van den Bergh et al. 2010). Sural nerve biopsy is not 

part of MMN diagnostics. 

▪ IgM paraproteinemic demyelinating neuropathy (PDN): The diagnosis is 

made according to the EFNS/PNS guideline 2010. Patients with IgM PDN 

often show predominantly distally symmetric neuropathy. Neurological 

examination shows a slow progression with sensory impairment, ataxia, 

relatively mild weakness and often tremor. Typically, uniform symmetric 

and predominantly distally reduced conduction velocity without conduction 

block may be found. Nerve biopsy may show complement deposit or IgM 

deposits on myelin. Electron microscopy may show widely spaced myelin 

(Hadden et al. 2010). 

▪ Demyelinating neuropathy of unknown etiology: In respective patients 

signs of demyelination were found in NCS and/or nerve biopsy, but a more 

specific diagnose could not be made at inclusion time.  

2.2.3 Hereditary neuropathy 

Hereditary neuropathies are assumed, if there is an early and slow onset of 

symptoms with a progressive course over several years. Symptoms are 
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predominantly distally located with both sensory and motor impairment. 

Hereditary neuropathies are often associated with structural foot and ankle 

deformities such as pes cavus, hammer toes, and calf atrophy. A family history 

of neuropathy is typical. Diagnosis is confirmed by genetic testing (Watson and 

Dyck 2015). 

2.2.4 Neuropathy, of unknown etiology 

Study participants who could not be diagnosed according to the subgroups 

detailed above were assessed to this group. 

2.2.5 ALS  

The diagnosis of ALS is supported by the revised El Escorial criteria (Brooks et 

al. 2000) and the electrodiagnostic criteria for diagnosis of ALS published in 2008 

(de Carvalho et al. 2008). The clinical course starts insidiously with focal 

weakness and spreads to involve most muscles including the diaphragm. 

Neurological examination reveals muscular weakness, spasticity, fasciculations, 

atrophy and bulbar affection with difficulty in chewing, speaking, and swallowing 

(Brown and Al-Chalabi 2017). NCS are essential in the diagnostic process to 

eliminate other motor neuron disorders that may resemble ALS (de Carvalho et 

al. 2008). Sural nerve biopsy is not part of ALS diagnostics. 

2.3 Definition of inflammatory and non-inflammatory neuropathy  

The definition of inflammatory neuropathy was based on clinical diagnosis. The 

following neuropathies were classified as inflammatory: vasculitic neuropathy, 

PIAN, CIDP, AMSAN, MADSAM neuropathy, MMN, and paraproteinemic 

neuropathy. All other neuropathies were classified as non-inflammatory.  

2.4 Neuropathy scores 

▪ Modified Toronto Clinical Neuropathy Score (mTCNS) 

The Toronto Clinical Neuropathy Score (TCNS) was used for the classification of 

sensory symptoms and signs in patients with diabetic neuropathy. The TCNS 

includes clinical findings of tactile discrimination, thermal and tactile sensitivity, 

vibration sense, and position sense, pain, numbness, tingling and ataxia. Each of 
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these modalities is scored from 0 (not present) to 3 (severe symptoms, which 

affect negatively both wellbeing and everyday activities). If one of these 

symptoms is present in the arms, this is recorded as well. A total score of 33 can 

be reached (Bril et al. 2009).  

▪ Modified Medical Research Council-Score (mMRC) 

For the standardized evaluation of muscle weakness, the modified Medical 

Research Council-Score (mMRC-score) was used (Merkies et al. 2003). The 

following muscle groups were scored: shoulder abductors, arm flexors, arm 

extensors, hand extensors, finger extensors, finger spreader, hip flexors, knee 

extensors, foot flexors, foot sinkers, toe lifters, toe extensors. Each group is 

provided with a defined score reaching from 0 (plegia) to 5 (full strength). The 

highest reachable sum score was 60. 

▪ Overall Disability Sum Score (ODSS) 

The Overall Disability Sum Score (ODSS) reflects the level of disability in patients 

with immune-mediated neuropathies. Therefore, performance of complex 

movements such as turning a key or using cutlery are recorded and the ability of 

walking, or the demand for crutches or a wheelchair are recorded. Arms are 

scored from 0 to 5, legs from 0 to 7. The sum scores reach from 0 (no disability) 

to 12 (maximum disability) (Merkies et al. 2002). 

2.5 Questionnaires 

▪ Neuropathic Pain Symptom Inventory (NPSI) 

For the standardized assessment of the quality and intensity of current pain and 

pain within the last 24 hours, the Neuropathic Pain Symptom Inventory (NPSI) 

was used. The NPSI records distinct qualities of neuropathic pain and par-

/dysesthesias on a scale ranging from 0 (no pain or par-/dysesthesias) to 1 

(maximum pain or par-/dysesthesias). In addition, pain attacks and triggers of 

pain are recorded (Bouhassira et al. 2004, Sommer et al. 2011). 
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▪ Graded Chronic Pain Scale (GCPS) 

The Graded Chronic Pain Scale (GCPS) records pain intensity and impairment 

due to pain at work and everyday life within the last 30 days. The GCPS results 

in pain intensity and impairment scores ranging from 0 (no pain/no disability) to 

100 (maximum pain) (Von Korff et al. 2005). Patients were classified as having 

“painful” neuropathy, if current pain intensity, as determined by the GCSP, was 

≥3/10 on an eleven-point numeric rating scale (NRS) ranging from 0 to 10 points. 

If patients do not report pain, they were classified as painless neuropathy.  

▪ “Allgemeine Depressionsskala (ADS)” 

To detect potential depressive symptoms, we used the “Allgemeine 

Depressionsskala” (ADS; the German version of CES-D-Scale). The scale 

consists of a catalog of 20 standardized questions addressing depressive 

symptoms. It reaches a maximum score of 60 points. A total score of 23 hints to 

clinically relevant depressive symptoms in patients suffering from pain 

(Hautzinger M. 2012) 

2.6 Laboratory tests 

All patients underwent detailed laboratory studies including the following 

parameters: anti-nuclear antibodies (ANA), antibodies to extractable nuclear 

antigen (ENA), anti-neutrophil cytoplasmatic autoantibodies (ANCA), blood and 

differential cell counts, C-reactive protein, erythrocyte sedimentation rate, folid 

acid, glucose metabolism (HbA1c and oral glucose tolerance test), 

immunofixation, monoclonal immunoglobulins, rheumatoid factor, serology for 

borreliosis, serum electrolytes and renal and liver function tests, serum 

electrophoresis, thyroid function tests, and vitamin levels were performed. If 

serum was positive for a monoclonal immunoglobulin, urine analysis for Bence-

Jones protein was performed. Most patients underwent tests of cerebrospinal 

fluid either at the Department of Neurology at University Würzburg including cell 

count and protein level or had undergone lumbar puncture prior to admission. 
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2.7 Nerve conduction studies (NCS) 

All patients underwent electrophysiological examination as part of diagnostic 

work-up. NCS of the sural and tibial nerve were performed routinely, additionally 

the median nerve was assessed in most patients. The investigated side was 

chosen according to individual clinical manifestation. Further motor nerves (e.g. 

ulnar, radial or peroneal nerve) were examined as needed (Kimura 1984) 

Conduction block was defined according to published criteria by a decrease in 

the size of compound muscle action potential on proximal versus stimulation of a 

nerve in absence of excess temporal dispersion of this potential (Feasby et al. 

1985). In our department, a decrease of 50% of the size of compound muscle 

action potential amplitude between distal and proximal stimulation for the 

confirmation of a conduction block is mandatory.  

2.8 Nerve biopsy 

Diagnostic biopsy of the sural or radial nerve was performed when an 

inflammatory neuropathy was assumed, however, diagnosis could not be made 

applying all non-invasive tests detailed above. Biopsies were taken at the 

Department of Neurosurgery, University of Würzburg. Biopsy specimens were 

further processed for histopathological assessment. For data stratification in this 

thesis, we screened the diagnostic histological records for hints towards 

inflammation, demyelination, and edema. Edema was additionally classified 

semiquantitatively as mild, medium, and severe edema. Classification was 

carried out following written recordings of diagnostic histological assessment. 

Edema was classified mild if hints of edema or slight edema was described, 

medium edema was defined as visible edema but not in a strong manner, and 

severe edema was classified if strong or massive edema was found.  

2.9 HRUS 

2.9.1 Ultrasound device and examiner 

For HRUS, a Siemens Acuson S1000 © (Eschborn, Germany) was used. The 

device was equipped with an 18 MHz linear-array probe. To guarantee 
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standardized data processing of images, the Siemens eSieScan® (Eschborn, 

Germany) software was used, which was installed on the ultrasound device. 

All subjects were investigated by the same examiner. The examiner was trained 

in one basic and two advanced courses certified by “Deutsche Gesellschaft für 

Ultraschall in der Medizin” (DEGUM) for nerve ultrasound.  

2.9.2 Ultrasound technique 

HRUS was performed in B-imaging mode. Tendons were identified by anisotropy. 

For identification of blood vessels and for the discrimination between blood 

vessels and nerves the duplex mode was utilized. Lower permeability of bones 

allowed the detection of these structures. Nerves were identified at anatomical 

sites such as carpal tunnel, spiral groove or fibular head. For confirmation, nerves 

were identified both in cross section plane and longitudinal section plane and 

were tracked in proximal and distal directions. Epineurium and perineurium reflect 

more brightly than fascicles, which gives motor nerves and the brachial plexus a 

typical honey combed structure in the cross section. This can be observed in 

longitudinal section as fine septation.  

2.9.3 Measuring technique and parameters determined  

The CSA and the longitudinal diameter (LD) of the peripheral nerves were 

measured. For the brachial plexus and the spinal nerves, the CSA was 

determined. First, the nerve was identified by criteria described above. Then the 

probe was placed perpendicularly to the longitudinal axis of the respective 

extremity. Subsequently, the image was frozen under minimal pressure. The CSA 

was determined by manual tracing just within the hyperechoic rim of the 

epineurium. CSA measures were obtained three times each for every site. For 

the measurement in longitudinal plane, the probe was rotated 90° in the direction 

of anatomical longitudinal axis. The best plane for measurement was identified 

by minimal movements of the probe, then the image was frozen. LD was 

measured just inside the hyperechogenic reflection of the epineurium with a 

minimum of pressure. This procedure was performed three times per site. For 

each measured region three corresponding images without measurement traces 

were stored. Figure 2 illustrates the detected median nerve in cross section and 
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longitudinal section. Figure 2 also shows the measurement of the CSA via manual 

tracing and the measurement of the LD as a distance. 

2.9.4 Study protocol 

HRUS was performed at defined sites following a standardized study protocol for 

the left and the right body side, which was applied in patients and healthy 

controls. The following nerve sites were investigated:  

 

Upper extremities  

Median nerve at wrist, mid forearm, cubital fossa, mid upper arm.  

Ulnar nerve at wrist, mid forearm, ulnar sulcus, mid upper arm.  

Radial nerve at spiral groove.  

Brachial plexus at clavicle and the scalene gap. 

Spinal nerves C5, C6, C7.  

 

Lower extremities 

Sciatic nerve at the distal thigh. 

Tibial nerve at the popliteal fossa, and at medial malleolus. 

Common peroneal nerve at fibular head.  

Deep peroneal nerve at instep.  

Superficial peroneal nerve at mid lower leg.  

Sural nerve at the calf.  

 

Figure 2 : Median nerve of healthy control – cross-section and longitudinal section 
A) Median nerve at wrist in cross section; healthy control subject B) Median nerve at wrist in cross section 
with measurement of cross-sectional area (CSA); healthy control subject; CSA = 0.12 mm² C) Median nerve 
at wrist in longitudinal plane; control subject D) Median nerve at wrist in longitudinal plane with measurement 
of longitudinal diameter (LD); healthy control subject; LD = 1.8 mm 

A 

C D 

B 
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2.9.5 Image transfer and storage 

For data transfer and storage, Synedra DICOM viewer (version 15, Innsbruck, 

Austria) was used. After completing the protocol, data was saved in the internal 

storage system of the ultrasound device. In a second step, the protocol was 

opened again with the Synedra DICOM viewer. Then, the data file was stored at 

the intern server of our department before further processing.  

2.9.6 Data extraction 

Extraction of CSA and LD data was performed automatically via a software tool 

developed in collaboration with the Institute for Artificial Intelligence and Applied 

Computer Science, University of Würzburg (Reul et al. 2016).  

2.10 Statistical analysis 

Statistical analysis was performed with IBM SPSS 25® (IBM Germany GmbH, 

Ehningen, Germany). P<0.05 was assumed significant. Normal distribution was 

shown using Shapiro-Wilk-test. For group-wise comparison, t-test analysis was 

performed.  

Pearson correlation coefficients were calculated. Graphs were generated with 

Microsoft Excel 2016® (Microsoft; Redmond, Washington, United States) and 

with IBM SPSS 25® (IBM Germany GmbH, Ehningen, Germany). Data points 

were connected by lines to show relation between the respective measurement 

sites of one nerve. Additional corresponding data such as the standard deviation 

and the level of significance are shown in a table which is attached to the graphs. 

The level of significance is additionally illustrated by transparent boxes within the 

respective figure. ROC-curves have been generated, if preceding data suggested 

necessity for further examination or specific clinical questions. Therefore, for 

example, data obtained from the brachial plexus was more extensively 

investigated than that of peripheral nerves such as median or sural nerve. For 

the investigation of peripheral nerves in patients with neuropathies, ROC analysis 

was performed for median, ulnar, and sciatic nerve in addition.  
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3 Results 

3.1 Characterization of the healthy control cohort and normative values 

Our healthy control cohort consisted of 13/30 (43%) female and 17/30 (56%) 

male subjects. The median age was 47 years (18-75 years) in the whole cohort, 

52 years (25-75 years) in the female, and 42 years (22-73 years) in the male 

subgroup. The comparison between male and female subjects (Figures 3,4; 

p<0.05), and between measurements on both body sides (not shown) revealed 

only single data points with intergroup differences. Hence, we pooled data of both 

sexes and body sides. Also, individual height, weight, and body-mass-index 

(BMI) data of our healthy controls inconsistently correlated with single HRUS data 

points and data were pooled (Table 1). Normative HRUS data derived from our 

data are shown in Table 2. Blue coloration shows significant correlation. 

Table 1: Correlation of cross-sectional area (CSA) and longitudinal diameter (LD) with height, weight, and 
body-mass-index (BMI) 
Blue coloration shows significant correlation. Abbreviations: BRA_IS = brachial plexus, inter-scalene 
muscles; BRA_SC = brachial plexus; supra-clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, 
distal thigh; LD = longitudinal diameter; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, 
mid forearm; MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = 
peroneal nerve, fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal 
nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = 
spinal nerve, sixth cervical nerve; SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, 
inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; 
ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar 
sulcus; ULN_WR = ulnar nerve, wrist.  

correlation 0,20 0,29 0,10 0,27 0,30 0,23 -0,04 0,24 0,42

significance 0,131 *0.027 0,428 *0.040 *0.021 0,075 0,781 0,062 **0.001

correlation 0,43 0,37 0,31 0,38 0,27 0,54 0,37 0,47 0,29

significance ***0.001 **0.004 *0.018 **0.003 *0.036 ***0.000 **0.003 ***0.000 **0.026

correlation 0,38 0,17 0,26 0,22 0,07 0,42 0,45 0,33 -0,01

significance *0.013 0,185 *0.045 0,090 0,621 **0.001 ****0.000 0,010 0,957

correlation 0,14 0,23 0,18 0,24 0,18

significance 0,297 0,077 0,208 0,062 0,185

correlation 0,05 0,05 -0,15 0,16 -0,20

significance 0,722 0,694 0,289 0,223 0,141

correlation -0,05 -0,12 -0,32 0,00 -0,36

significance 0,719 0,375 *0.022 0,991 **0.006

TIB_MM TIB_PF

correlation 0,02 0,03 -0,18 0,12 0,00 -0,05 -0,01

significance 0,882 0,854 0,179 0,367 0,989 0,692 0,966

correlation 0,05 0,03 -0,10 0,26 -0,19 0,18 0,43

significance 0,708 0,835 0,485 *0.045 0,161 0,176 **0.001

correlation 0,04 0,01 -0,08 0,19 -0,21 0,23 0,44

significance 0,752 0,930 0,544 0,158 0,104 0,077 **0.001

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

with height

with weight

SPI_C5 SPI_C6 SPI_C7 BRA_SC BRA_IS

with height

with weight

SUR_IG PER_PS PER_PP PER_FH SC_DT

with BMI

with height

with weight

CSA correlation (Pearson) n = 30

Correlation (Pearson) n = 30

Correlation (Pearson) n = 30

with BMI

with BMI

correlation 0,06 0,28 0,08 0,10 0,30 0,09 0,09 -0,15 -0,01

significance 0,631 *0.027 0,539 0,441 *0.021 0,500 0,486 0,261 0,962

correlation 0,30 0,37 0,38 0,33 0,27 0,26 0,31 0,21 0,27

significance *0.020 **0.004 **0.003 **0.010 *0.040 *0.047 *0.017 0,103 *0.036

correlation 0,28 0,00 0,43 0,27 0,17 0,21 0,27 0,35 0,30

significance 0,031 0,976 ***0.001 *0.041 0,199 0,102 0,039 **0.006 *0.019

TIB_MM TIB_PF

correlation -0,03 0,17 -0,18 0,05 -0,06 0,45 -0,04

significance 0,827 0,226 0,179 0,714 0,642 ***0.000 0,777

correlation 0,01 0,07 -0,20 0,32 -0,11 0,49 0,18

significance 0,941 0,631 0,144 *0.016 0,932 ***0.000 0,202

correlation -0,03 0,17 -0,67 0,30 0,04 0,17 0,19

significance 0,827 0,266 0,579 *0.021 0,762 0,207 0,162

MED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF

with weight

ULN_US ULN_MU RAD_SG

with height

with BMI

with weight

LD correlation (Pearson) n = 30

with BMI

LD correlation (Pearson) n = 30 SUR_IG PER_PS PER_PP PER_FH SC_DT

with height
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CSA comparison of male and female controls - upper extremity

CSA comparison of male and female controls - lower extremity
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Figure 3: Cross-sectional area (CSA) comparison of male and female control subjects  
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal nerve, seventh 
cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 

CSA_MV 8.4 5.7 7.7 9.3 5.0 4.8 7.4 6.0 4.5

CSA_SD 1.8 1.1 1.8 1.8 1.0 0.8 2.3 1.2 1.0

CSA_MV 9.3 6.1 8.6 9.8 5.5 5.6 7.8 6.9 5.2

CSA_SD 1.8 1.4 1.8 1.9 1.5 1.1 2.1 1.9 1.5

level of significance 0.400 0.311 0.061 0.315 0.115 0.005 0.461 0.026 0.032

SPI_C5

CSA_MV 5.6 8.4 7.6 70.3 54.8

CSA_SD 2.1 2.2 2.2 17.3 16.5

CSA_MV 5.5 7.7 7.4 80.4 57.7

CSA_SD 1.5 3.0 2.6 16.7 16.8

level of significance 0.820 0.342 0.697 0.026 0.512

CSA_MV 1.9 2.0 2.2 7.2 12.2 27.2 52.0

CSA_SD 0.6 0.6 0.9 2.6 2.2 6.7 14.2

CSA_MV 1.8 2.5 2.3 7.1 11.3 25.4 54.3

CSA_SD 0.6 1.4 0.8 1.3 1.8 6.6 13.6

level of significance 0.686 0.087 0.766 0.880 0.107 0.317 0.548

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

female controls

male controls

SPI_C6 SPI_C7 BRA_SC BRA_IS

female controls

male controls

SUR_IG PER_PS PER_PP PER_FH TIB_MM TIB_PF ISC_DT

female controls

male controls
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LD comparison of male and female controls - upper extremity

LD comparison of male and female controls - lower extremity
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Figure 4: Longitudinal diameter (LD) comparison of male and female control subjects 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
 

LD_MV 1.9 2.2 2.1 2.4 1.6 1.8 2.0 2.2 1.6

LD_SD 0.2 0.3 0.3 0.3 0.2 0.3 0.3 0.4 0.2

LD_MV 2.1 2.3 2.3 2.5 1.7 1.9 2.1 2.1 1.7

LD_SD 0.4 0.4 0.3 0.5 0.3 0.3 0.4 0.4 0.3

level of significance 0.049 0.136 0.016 0.592 0.156 0.241 0.259 0.388 0.329

LD_MV 1.3 1.2 1.2 2.1 3.0 4.6 6.6

LD_SD 0.4 0.2 0.3 0.3 0.6 0.8 1.5

LD_MV 1.1 1.1 1.2 2.0 3.0 4.9 6.2

LD_SD 0.2 0.2 0.2 0.4 0.5 1.0 1.0

level of significance 0.051 0.548 0.667 0.738 0.836 0.183 0.172

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

TIB_PF

female controls

male controls

SUR_IG PER_PS PER_PP PER_FH TIB_MM ISC_DT

female controls

male controls
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mean (mm²) SD (mm²) mean (mm) SD (mm)

Median nerve wrist 8.9 1.8 2.1 0.4

mid forearm 5.9 1.3 2.2 0.4

cubitial fossa 8.2 1.9 2.2 0.3

mid upper arm 9.6 1.9 2.4 0.4

Ulnar nerve wrist 5.3 1.3 1.7 0.3

mid forearm 5.3 1.1 1.9 0.3

ulnar sulcus 7.7 2.1 2.1 0.4

mid upper arm 6.5 1.7 2.1 0.4

Radial nerve spiral groove 4.9 1.3 1.7 0.2

Brachial plexus supraclavicular 76 17.5 - -

scalenic gap 56.4 16.6 - -

Spinal nerves C5 5.5 1.7 - -

C6 8 2.7 - -

C7 7.5 2.4 - -

mean (mm
2
) SD (mm

2
) mean (mm) SD (mm)

Sciatic nerve distal tigh 53.3 13.7 6.3 1.2

Tibial nerve popliteal fossa 26.2 6.7 4.8 1

medial malleoulus 11.7 2 3 0.5

Peroneal nerve fibular head 7.1 1.9 2 0.4

profound peroneal nerve 2.3 0.8 1.2 0.2

superficial peroneal nerve 2.3 1.2 1.2 0.2 0.2

Sural nerve proximal calf 1.9 0.6 1.2 0.3

Nerve Site
CSA LD

Upper extremity - control cohort n = 30

Nerve Site
CSA LD

Lower extremity - control cohort n = 30

Table 2: Normative values for cross-sectional area (CSA) and longitudinal diameter (LD) of upper and 
lower extremities  
Abbreviations: CSA = cross-sectional area; LD = longitudinal diameter; mm = millimeter; C5/6/7 = fifth, 
sixth, seventh spinal nerve. 
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3.2 Characterization of the patient cohort 

3.2.1 Patient recruitment and distribution of diagnoses  

We initially recruited n=100 patients. After diagnostic re-assessment, eight 

patients had exclusion criteria, thus the final cohort consisted of 84/92 (91%) 

patients with neuropathies and 8/92 (9%) patients with ALS. Of these 28/92 

(30%) were women. The median age of the study cohort was 57 years (20-80 

years) and the median disease duration was 8 years (0.5-63 years). Figure 5 

shows the distribution of diagnoses and neuropathy subgroups in the patient 

cohort.  

 

Figure 5: Distribution of diagnoses and subgroups of polyneuropathy and amyotrophic lateral sclerosis (ALS) 
Abbreviations: ALS = amyotrophic lateral sclerosis; AMSAN = acute motor and sensory axonal neuropathy; 
CIAP = chronic inflammatory axonal polyneuropathy; CIDP = chronic inflammatory demyelinating 
polyneuropathy; MADSAM = multifocal acquired demyelinating sensory and motor neuropathy; MMN = 
multifocal motor neuropathy; NP = neuropathy; NSVN = non-systemic vasculitic neuropathy. 
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3.2.1 Neuropathy scores and questionnaires  

Table 3A summarizes the results of neuropathy score assessment of patients 

distinguishing axonal and demyelinating neuropathies. No relevant intergroup 

difference was found. Table 3B displays the results of the questionnaire survey 

mTCNS mMRC ODSS

Neuropathy median sumscore 15,6 52,8 3,3

total N=84 (min. - max.) 3.0-32.0 16.0-60.0 0.0-10.0

Axonal neuropathy median sumscore 16,1 55,5* 2,9

total n=35 (min. - max.) 3.0-32.0 26-60.0 0.0-8.0

NSVN median sumscore 15,9 55,9 2,9

n=11 (min. - max.) 3.0-28.0 36.0-60.0 1.0-8.0
N=11

Demyelinating neuropathy median sumscore 15,3 46,3* 3,8

total n=27 (min. - max.) 3.0-31.0 16.0-60.0 1.0-10.0

CIPD median sumscore 17,0 44,2 4,9

n=12 (min. - max.) 6.0-31.0 16.0-60.0 1.0-9.0

MADSAM median sumscore 15,4 51,8 3,0

n=5 (min. - max.) 9.0-21.0 48.0-58.0 2.0-4.0

MMN median sumscore 12,7 46,1 4,0

n=9 (min. - max.) 3.0-26.0 29.0-59.0 2.0-10.0

Results of neuropathy scoresResults of neuropathy patient survey

Table 3: A) Results of neuropathy scores B) Results of questionnaires stratified for axonal and demyelinating 
neuropathies.  
Level of significance: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Abbreviations: ADS = Allgemeine 
Depressionsskala; CIDP = chronic inflammatory demyelinating polyneuropathy; GCPS = Graded Chronic 
Pain Scale; MADSAM = multifocal acquired demyelinating sensory and motor neuropathy; MMN = multifocal 
motor neuropathy; mMRC = modified Medical Research Council-Score; mTCNS = Modified Toronto Clinical 
Neuropathy Score; NPSI = Neuropathic Pain Symptom Inventory; NSVN = non-systemic vasculitic 
neuropathy; ODSS = Overall Disability Sum Score. 

NPSI GCPS ADS

Neuropathy median sumscore 0.17 26 13.5

total N=84 (min. - max.) 0.0-0.63 0.0-83.3 4.0-42.0

Axonal neuropathy median sumscore 0.23 34.3 14.2

total n=35 (min. - max.) 0.0-0.63 0-0.83 4.0-36.0

NSVN median sumscore 0.23 31.3 15.5

n=11 (min. - max.) 0.0-0.63 0.0-83.3 4.0-36.0N=11

Demyelinating neuropathy median sumscore 0.09 14.2 11.8

total n=27 (min. - max.) 0.0-0.48 0.0-76.0 4.0-28.0

CIPD median sumscore 0.14 23.8 16

n=12 (min. - max.) 0.0-0.48 0.0-76.0 4.0-28.0⁃ ⁃

MADSAM median sumscore 0.08 0 7.8

n=5 (min. - max.) 0.0-0.2 0.0-0.0 4.0-12.0

MMN median sumscore 0.02 8.14 7.9

n=9 (min. - max.) 0.0-0.08 0.0-73.3 4.0-14.0

Results of questionnaires

A 

B 
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of patients stratified for axonal and demyelinating polyneuropathies. An 

intergroup difference was only found for mMRC score (p<0.05). 

3.3 Results of HRUS measurement 

3.3.1 Comparison between patients with neuropathy and healthy controls 

We first compared HRUS data of all patients with all healthy controls. Figure 6 

shows ROCs of patients diagnosed with neuropathy at supraclavicular and 

interscalene brachial plexus versus healthy controls. The area under the curve 

(AUC) at supraclavicular brachial plexus was 0.67. The AUC for the interscalene 

brachial plexus was 0.59. Figure 7 shows data of CSA and Figure 8 of LD 

measurement in all patients diagnosed with neuropathy (n = 84) compared to the 

healthy control cohort (n = 30). CSA and LD were larger in patients with 

neuropathies compared to healthy controls at all investigated nerve sites of the 

upper and lower extremities (p<0.05 to <0.001) with few exceptions.  

  

Figure 6: Receiver operating curve (ROC) patients with neuropathy vs. healthy controls – brachial plexus 
A) supraclavicular and B) interscalene brachial plexus of patients in comparison to healthy controls 
A) Area under the curve (AUC) 0.67; standard error 0.038; confidence interval (95%): lower limit 0.59; upper 
limit 0.75 B) AUC 0.59; standard error 0.044, confidence interval (95%): lower limit 0.50; upper limit 0.67. 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, ROC = receiver operating 
characteristic 

ROC curve of patients all patients with neuropathy vs. control- Brachial plexus

A B

neuropathy n = 84
control n = 30
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CSA comparison of controls and patients with neuropathy - upper extremity

CSA comparison of controls and patients with neuropathy - lower extremity
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neuropathy n = 84
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CSA in mm²

CSA_MV 8,9 5,9 8,2 9,6 5,3 5,3 7,7 6,5 4,9

CSA_SD 1,8 1,3 1,9 1,9 1,3 1,1 2,1 1,7 1,3

CSA_MV 10,4 8,0 11,8 13,5 6,2 6,8 9,5 8,9 6,3

CSA_SD 3,1 6,7 7,8 9,3 2,2 3,4 4,7 6,6 3,1

level of significance 0,000 0,019 0,001 0,001 0,003 0,006 0,001 0,006 0,001

CSA in mm²

CSA_MV 5,5 8,0 7,5 76,0 56,4

CSA_SD 1,7 2,7 2,4 17,5 16,6

CSA_MV 7,2 9,3 8,7 92,4 62,0

CSA_SD 3,5 4,1 4,5 30,6 20,2

level of significance 0,000 0,017 0,076 0,000 0,062

CSA in mm² TIB_MM TIB_PF

CSA_MV 1,9 2,3 2,3 7,1 11,7 26,1 53,3

CSA_SD 0,6 1,2 0,8 1,9 2,0 6,7 13,7

CSA_MV 2,3 2,9 2,9 9,8 14,5 30,6 65,3

CSA_SD 1,4 1,5 1,5 7,9 5,2 11,9 24,0

level of significance 0,015 0,005 0,005 0,012 0,000 0,008 0,001

control

neuropathy

control

neuropathy

SUR_IG PER_PS PER_PP PER_FH ISC_DT

BRA_IS

control

neuropathy

SPI_C5 SPI_C6 SPI_C7 BRA_SC

ULN_US ULN_MU RAD_SGMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF

Figure 7: Cross-sectional area (CSA) comparison of patients with neuropathy and control subjects 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal 
nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, 
medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = 
ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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LD comparison of controls and patients with neuropathy - upper extremity

LD comparison of controls and patients with neuropathy - lower extremity
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LD in mm

LD_MV 2,1 2,2 2,2 2,4 1,7 1,9 2,1 2,1 1,7

LD_SD 0,4 0,4 0,3 0,4 0,3 0,3 0,4 0,4 0,2

LD_MV 2,2 2,4 2,6 2,9 1,9 2,2 2,3 2,5 1,8

LD_SD 0,4 0,8 0,8 1,0 0,3 0,5 0,6 0,9 0,5

level of significance 0,006 0,157 0,002 0,001 0,002 0,000 0,002 0,003 0,007

LD in mm TIB_MM TIB_PF

LD_MV 1,2 1,2 1,2 2,0 3,0 4,8 6,3

LD_SD 0,3 0,2 0,2 0,4 0,5 1,0 1,2

LD_MV 1,2 1,3 1,3 2,3 3,2 5,1 6,8

LD_SD 0,3 0,3 0,3 0,7 0,7 1,0 1,5

level of significance 0,898 0,001 0,029 0,006 0,082 0,019 0,041

neuropathy

control
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control

neuropathy
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Figure 8: Longitudinal diameter (LD) comparison of patients with neuropathy and control subjects 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; BRA PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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3.3.2 Comparison between patients with axonal and demyelinating 

neuropathies 

As stated in 3.2.1, the cohort of patients diagnosed with neuropathies included 

36/84 (43%) patients with axonal and 27/84 (32%) patients with demyelinating 

neuropathies. Figure 9 shows the receiver operating characteristic (ROC) for the 

measurement of CSA at supraclavicular and interscalene brachial plexus. Figure 

10 shows HRUS data for the comparison of CSA between these subgroups. CSA 

enlargement of the demyelinating subgroup compared to the axonal subgroup 

was found at the median nerve (cubital fossa, mid-upper arm), the ulnar nerve 

(wrist), the radial nerve (spiral groove), the fifth spinal nerve, the brachial plexus 

(supraclavicular, interscalene), profound peroneal nerve and the tibial nerve 

(popliteal fossa) (p<0.05 each). At both measuring sites the AUC was > 0.5. 

Figure 11 shows HRUS data comparing LD. Enlargement was found at the 

median nerve (cubital fossa, mid-upper arm), the ulnar nerve (wrist), the radial 

nerve (spiral groove), the tibial nerve (medial malleolus, popliteal fossa), and the 

sciatic nerve (distal thigh) (p<0.05 each).  

Figure 9: Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement at brachial 
plexus 
A) ROC-curve of CSA measurement at supraclavicular brachial plexus AUC 0.66; standard error 0.50; 
confidence interval (95%): lower limit 0.562; upper limit 0.759 B) ROC-curve of CSA measurement at 
interscalene brachial plexus. AUC 0.67; standard error 0.50; confidence interval (95%): lower limit 0.573; 
upper limit 0.769 Abbreviations: AUC = area under the curve; CSA= cross-sectional area, ROC = receiver 
operating characteristic.  

ROC curve of patients with demyelinating and axonal neuropathies - Brachial plexus
axonal n = 40
demyelinating n = 27

A B
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CSA in mm²

CSA_MV 10,4 7,8 10,1 12,1 5,9 6,7 9,9 8,5 5,8

CSA_SD 3,0 5,9 6,8 6,6 1,9 3,5 5,2 6,1 2,3

CSA_MV 10,5 8,8 14,2 16,3 6,8 7,2 9,5 10,3 7,4

CSA_SD 2,7 9,0 8,9 12,7 2,2 2,7 4,2 7,9 4,0

level of significance 0,857 0,413 0,004 0,014 0,015 0,434 0,616 0,154 0,006

CSA in mm²

CSA_MV 6,7 9,0 8,0 86,1 57,9

CSA_SD 3,1 3,6 3,8 24,9 17,8

CSA_MV 8,1 10,0 9,2 106,8 69,3

CSA_SD 3,9 3,3 4,1 37,3 22,3

level of significance 0,030 0,122 0,157 0,000 0,002

CSA in mm² TIB_MM TIB_PF

CSA_MV 2,3 2,8 2,7 9,8 14,0 28,5 61,6

CSA_SD 1,3 1,5 1,0 9,6 4,7 11,6 19,4

CSA_MV 2,3 3,1 3,4 9,6 15,4 33,0 68,3

CSA_SD 0,8 1,7 2,2 5,6 5,9 10,3 16,0

level of significance 0,977 0,434 0,028 0,910 0,167 0,041 0,074

axonal NP

demyelinating NP

axonal NP

demyelinating NP

SUR_IG PER_PS PER_PP PER_FH ISC_DT

BRA_IS

axonal NP

demyelinating NP

SPI_C5 SPI_C6 SPI_C7 BRA_SC

ULN_US ULN_MU RAD_SGMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF

Figure 10: Cross-sectional area (CSA) comparison of patients with axonal and demyelinating neuropathies 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal 
nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, 
medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = 
ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist.  
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LD in mm

LD_MV 2,2 2,4 2,4 2,6 1,8 2,1 2,3 2,5 1,8

LD_SD 0,4 0,7 0,7 0,8 0,3 0,6 0,6 0,9 0,3

LD_MV 2,3 2,5 2,9 3,3 2,0 2,3 2,4 2,7 2,0

LD_SD 0,4 1,0 1,0 1,3 0,3 0,6 0,6 1,1 0,7

level of significance 0,217 0,557 0,000 0,000 0,034 0,066 0,512 0,171 0,001

LD in mm TIB_MM TIB_PF

LD_MV 1,2 1,3 1,3 2,3 3,0 5,0 6,4

LD_SD 0,3 0,4 0,3 0,8 0,7 1,2 1,4

LD_MV 1,2 1,4 1,3 2,5 3,3 5,4 7,3

LD_SD 0,2 0,3 0,4 0,6 0,8 0,9 1,4

level of significance 0,770 0,761 0,425 0,161 0,044 0,029 0,002

demyelinating NP

axonal NP

SUR_IG PER_PS PER_PP PER_FH ISC_DT

axonal NP

demyelinating NP

ULN_US ULN_MU RAD_SGMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF

Figure 11: Longitudinal diameter (LD) comparison of patients with axonal and demyelinating neuropathies 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; BRA PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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3.3.3 Comparison between patients with inflammatory and non-

inflammatory neuropathies 

Following the criteria detailed in 2.3, 44/84 (52%) patients were classified as 

having inflammatory neuropathies and 12/84 (14%) patients as having non-

inflammatory neuropathies. Figure 12 shows the intergroup comparison of CSA 

data. CSA at the ulnar nerve (wrist) was larger in patients with inflammatory 

neuropathies compared to non-inflammatory neuropathies (p<0.05). Also, the 

brachial plexus was larger in patients with inflammatory neuropathies compared 

to those with non-inflammatory neuropathies (p˂0.05). The comparison of LD in 

both groups is shown in Table 13. LD did not differ between groups. Figure 

12shows the ROC of patients with inflammatory neuropathies in comparison to 

those without inflammatory neuropathies at supraclavicular and interscalene 

brachial plexus. At both sides the AUC for the detection of inflammation was > 

0.5. 

Figure 12: Receiver operating characteristic (ROC)of cross-sectional area (CSA) measurement at brachial 
plexus 
A) ROC of supraclavicular brachial plexus AUC 0.647; standard error 0.61; confidence interval (95%): lower 
limit 0.528; upper limit 0.766. B) ROC of interscalene brachial plexus: AUC 0.66; standard error 0.67; 
confidence interval (95%): lower limit 0.534; upper limit 0.799. 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, ROC = receiver operating 
characteristic. 
 

ROC curve of patients with inflammatory and non-inflammatory neuropathies  - Brachial plexus

A B

inf lammatory NP n = 44
non_inflammatory NP n = 12
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CSA comparison of patients with and without inflammatory neuropathy - upper extremity

CSA comparison of patients with and without inflammatory neuropathy - lower extremity
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Figure 13: Cross-sectional area (CSA) comparison of patients with and without inflammatory neuropathy 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal 
nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, 
medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = 
ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 

CSA in mm²

CSA_MV 10.8 8.1 12.7 14.5 6.6 7.1 9.8 9.3 6.7

CSA_SD 3.0 7.1 7.7 10.3 2.1 2.6 4.4 6.5 3.4

CSA_MV 9.4 7.6 10.1 13.1 5.5 6.5 8.8 8.5 5.7

CSA_SD 3.6 5.6 7.4 9.7 2.9 5.0 4.8 6.5 2.9

level of significance 0.057 0.758 0.158 0.545 0.042 0.447 0.327 0.592 0.205

CSA in mm²

CSA_MV 7.7 9.7 9.0 100.5 66.8

CSA_SD 3.6 3.4 3.9 32.7 20.2

CSA_MV 6.8 9.3 9.8 83.5 56.2

CSA_SD 4.2 6.4 7.0 21.1 21.2

level of significance 0.271 0.645 0.456 0.018 0.028

CSA in mm² TIB_MM TIB_PF

CSA_MV 2.1 2.8 3.3 9.3 15.0 32.2 66.5

CSA_SD 0.8 1.5 2.0 5.3 5.2 10.6 18.0

CSA_MV 3.0 2.9 2.6 10.6 14.5 31.5 76.9

CSA_SD 2.5 1.2 1.1 7.5 5.9 16.0 41.2

level of significance 0.014 0.804 0.153 0.367 0.725 0.799 0.106
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LD comparison of patients with and without inflammatory neuropathy - upper extremity
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Figure 14: Longitudinal diameter (LD) comparison of patients with and without inflammatory neuropathy 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = nerve; BRA PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, 
profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, 
spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 

LD in mm

LD_MV 2.3 2.4 2.7 3.0 1.9 2.3 2.4 2.6 1.9

LD_SD 0.5 0.9 0.9 1.1 0.4 0.5 0.6 0.9 0.6

LD_MV 2.1 2.3 2.3 2.5 1.7 2.0 2.1 2.2 1.7

LD_SD 0.5 0.7 0.5 0.6 0.2 0.5 0.4 0.7 0.3

level of significance 0.114 0.365 0.031 0.051 0.001 0.280 0.040 0.068 0.055

LD in mm TIB_MM TIB_PF

LD_MV 1.2 1.3 1.3 2.3 3.2 5.3 6.9

LD_SD 0.2 0.3 0.3 0.6 0.7 1.1 1.4

LD_MV 1.3 1.3 1.3 2.2 2.8 5.0 7.3

LD_SD 0.4 0.3 0.2 0.5 0.6 0.8 2.0

level of significance 0.019 0.384 0.713 0.380 0.016 0.240 0.258

inflammatory NP

non_inflammatory NP

SUR_IG PER_PS PER_PP PER_FH ISC_DT

inflammatory NP

non_inflammatory NP
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3.3.4 Comparison between patients with painful and painless neuropathies 

According to the definition given in 2.5, 51/84 (61%) patients reported painful 

neuropathy. Figure 15 shows the ROC for the investigation of pain for the 

supraclavicular plexus the AUC was < 0.5 and for the interscalene plexus the 

AUC was < 0.5 (p > 0.05). Figure 16 shows CSA data comparison between the 

two subgroups. CSA was larger in patients with painful neuropathy at the ulnar 

nerve (mid-forearm) and the sixth spinal nerve at upper extremity (p˂0.05 each) 

than in healthy controls. Similarly, the profound, superficial, and common 

peroneal nerve and the tibial nerve (popliteal fossa) were enlarged (p˂0.05 each) 

at the lower extremities. LD did not differ between groups (Figure 17).  

 

Figure 15: ROC of patients with painful and painless neuropathies – brachial plexus 
A) ROC-curve of CSA measurement at supraclavicular brachial plexus B) ROC-curve of CSA measurement 
at interscalene brachial plexus. 
A) AUC 0.497; standard error 0.047; confidence interval (95%): lower limit 0.405; upper limit 0.588 B) AUC 
0.516; standard error 0.049; confidence interval (95%): lower limit 0.420; upper limit 0.613 Abbreviations: 
AUC = area under the curve; CSA= cross-sectional area, ROC = receiver operating characteristic. 
 

ROC curve of patients with painful and painless  neuropathies - Brachial plexus

A B

pain n = 51
no_pain n = 33



Results 

35 
 

  

CSA in mm²

CSA_MV 10.5 7.6 12.3 13.1 6.4 7.3 9.7 9.3 6.4

CSA_SD 3.3 4.5 8.9 7.5 2.3 3.9 4.9 6.7 2.8

CSA_MV 10.0 7.7 11.1 14.1 5.9 6.1 9.3 8.3 6.2

CSA_SD 2.6 8.5 5.9 11.6 1.9 2.1 4.2 6.4 3.6

level of significance 0.350 0.909 0.360 0.525 0.121 0.036 0.585 0.372 0.745

CSA in mm²

CSA_MV 7.3 10.0 8.9 91.7 62.4

CSA_SD 3.4 4.5 4.9 30.8 18.6

CSA_MV 7.2 8.3 8.4 93.4 61.3

CSA_SD 3.7 2.9 3.9 29.8 22.2

level of significance 0.852 0.011 0.537 0.733 0.734

CSA in mm² TIB_MM TIB_PF

CSA_MV 2.5 3.2 3.2 10.8 15.1 33.1 67.4

CSA_SD 1.6 1.7 1.7 9.6 5.7 13.5 27.3

CSA_MV 2.1 2.6 2.5 8.2 13.6 26.9 62.2

CSA_SD 0.7 1.0 1.0 3.4 3.9 7.4 17.2

level of significance 0.071 0.037 0.008 0.048 0.098 0.002 0.224

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

painful NP

not painful NP

SPI_C5 SPI_C6 SPI_C7 BRA_SC BRA_IS

inflammatory NP

not painful NP

SUR_IG PER_PS PER_PP PER_FH ISC_DT

painful NP

not painful NP

Figure 16: Cross-sectional area (CSA) comparison of patients with and with painless neuropathy 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal 
nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, 
medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = 
ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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LD in mm

LD_MV 2.2 2.4 2.6 2.8 1.8 2.2 2.3 2.5 1.8

LD_SD 0.5 0.7 0.9 0.9 0.3 0.6 0.6 0.9 0.4

LD_MV 2.2 2.4 2.6 2.9 1.9 2.1 2.3 2.5 1.8

LD_SD 0.4 1.0 0.7 1.2 0.3 0.4 0.7 1.0 0.6

level of significance 0.986 0.994 0.793 0.400 0.766 0.578 0.717 0.932 0.817

LD in mm TIB_MM TIB_PF

LD_MV 1.2 1.3 1.4 2.4 3.1 5.2 6.7

LD_SD 0.3 0.4 0.4 0.8 0.7 1.0 1.6

LD_MV 1.2 1.3 1.3 2.2 3.2 5.1 6.9

LD_SD 0.2 0.2 0.2 0.4 0.7 1.1 1.5

level of significance 0.396 0.138 0.088 0.157 0.753 0.495 0.480

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

painful NP

not painful NP

SUR_IG PER_PS PER_PP PER_FH ISC_DT

painful NP

not painful NP

Figure 17: Longitudinal diameter (LD) comparison of patients with and with painless neuropathy 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial 
malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar 
nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NP = neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal 
nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial 
nerve, spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial 
malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar 
nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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3.3.5 Characterization of the patient subgroup with NSVN 

We recruited eleven patients with NSVN. The median disease duration at 

inclusion was 5.1 (0.5-10 years) years. 7/11 (64%) had received 

immunomodulatory therapy before HRUS assessment. In 11/11 (100%) patients 

sural nerve biopsy was performed. As an example, Figure 18 shows HRUS 

images of CSA and LD of the median nerve at wrist of a patient diagnosed with 

NSVN. Figure 19 shows the results for the CSA of the cohort diagnosed with 

NSVN compared to healthy controls. At the upper extremities, CSA enlargement 

(p˂0.01) was detected at all sites, except for the sixth and seventh spinal nerve 

and the interscalene brachial plexus. Also, at the lower extremities, all 

investigated nerve sites showed larger CSA in patients with NSVN compared to 

healthy controls (p<0.01 each), except for the sural nerve which was not different 

between groups. Figure 20 shows the results for the LD which was enlarged at 

most sites of median, ulnar, and radial nerves at the upper extremities (p<0.05 

each) At the lower extremities, enlargement was only found at the superficial 

peroneal nerve (p˂0.001) and the tibial nerve at the popliteal fossa (p˂0.05). 

Figure 21 illustrates brachial plexus of a patient diagnosed with NSVN. CSA is 

enlarged with inhomogeneous distributed hypoechogenic structures within the 

plexus structure. Figures 22 – 24 show ROCs of the brachial plexus and median, 

ulnar, and tibial nerve. AUC was > 0.6 for all measured nerves at all measuring 

sites for CSA and LD.  

Figure 18: Median Nerve of patient with non-systemic vasculitic neuropathy (NSVN) – cross-section and 
longitudinal section 
A) Median nerve at wrist in cross-section; patient with non-systemic vasculitic neuropathy (NSVN). B) 
Median nerve at wrist measurement of cross-sectional area; patient with NSVN; CSA = 14 mm² (control: 
mean 8.9 mm²; standard deviation 1.8 mm²) C) Median nerve at wrist in longitudinal section; patient with 
NSVN D) Median nerve at wrist measurement of longitudinal diameter; patient with NSVN; LD = 2.6 mm 
(control: mean 2.1 mm²; standard deviation 1.8 mm²). 

A 

 

B 

 

C 

 

D 

 



Results 

38 
 

  

CSA_MW 8.9 5.9 8.2 9.6 5.3 5.3 7.7 6.5 4.9

CSA_SD 1.8 1.3 1.9 1.9 1.3 1.1 2.1 1.7 1.3

CSA_MW 11.2 7.5 11.4 12.5 6.7 7.5 12.2 8.9 6.143

CSA_SD 3.0 1.8 3.1 2.8 1.6 1.5 2.6 1.8 1.3

level of significance 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002

CSA_MW 5.5 8.0 7.5 76.0 56.4

CSA_SD 1.7 2.7 2.4 17.5 16.6

CSA_MW 7.7 9.6 8.6 94.7 62.6

CSA_SD 2.6 3.6 3.0 22.7 12.2

level of significance 0.001 0.062 0.193 0.000 0.159

TIB_MM TIB_PF

CSA_MW 1.9 2.3 2.3 7.1 11.7 26.1 53.3

CSA_SD 0.6 1.2 0.8 1.9 2.0 6.7 13.7

CSA_MW 2.1 3.3 2.7 10.3 14.9 33.1 65.9

CSA_SD 0.6 0.7 0.8 1.8 3.4 9.3 18.4

level of significance 0.248 0.008 0.027 0.000 0.000 0.002 0.004

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

control

NSVN

SPI_C5 SPI_C6 SPI_C7 BRA_SC BRA_IS

control

NSVN

SUR_IG PER_PS PER_PP PER_FH ISC_DT

control

NSVN

Figure 19: Cross-sectional area (CSA) comparison of control subjects and patients with non-systemic 
vasculitic neuropathy (NSVN) 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; NSVN = non-systemic vasculitic neuropathy; PER_FH = peroneal nerve, fibular head; 
PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; 
RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; 
SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM 
= tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 20: Longitudinal diameter (LD) comparison of healthy control subjects and patients with non-systemic 
vasculitic neuropathy (NSVN)  
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; MV = median value; LD = longitudinal diameter; NSVN = non-systemic vasculitic 
neuropathy; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound peroneal nerve; 
PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral groove; SD = standard 
deviation; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 

 

LD_MW 2,1 2,2 2,2 2,4 1,7 1,9 2,1 2,1 1,7

LD_SD 0,4 0,4 0,4 0,5 0,3 0,4 0,4 0,4 0,3

LD_MW 2,4 2,4 2,5 2,7 1,9 2,3 2,5 2,5 1,9

LD_SD 0,5 0,6 0,5 0,5 0,4 0,5 0,7 0,5 0,4

level of significance 0,002 0,122 0,000 0,031 0,008 0,000 0,000 0,001 0,002

TIB_MM TIB_PF

LD_MW 1,2 1,2 1,2 2,0 3,0 4,8 6,3

LD_SD 0,2 0,2 0,3 0,5 0,6 1,1 1,4

LD_MW 1,2 1,4 1,3 2,3 3,1 5,3 6,5

LD_SD 0,2 0,3 0,2 0,7 0,7 1,4 1,3

level of significance 0,548 0,000 0,340 0,059 0,542 0,050 0,574

control

NSVN

SUR_IG PER_PS PER_PP PER_FH ISC_DT

control

NSVN

ULN_US ULN_MU RAD_SGULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR

LD comparison of controls and NSVN - upper extremity

LD comparison of controls and NSVN - lower extremity

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

MED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF ULN_US ULN_MU RAD_SG

control LD NSVN LD

LD
in

 m
m

** ******

***

**

***

*

**

0

1

2

3

4

5

6

7

TIB_MM TIB_PF ISC_DT

control LD NSVN LD

L
D

in
 m

m

*

0

0.5

1

1.5

2

2.5

SUR_IG PER_PS PER_PP PER_FH

control LD NSVN LD

LD
in

 m
m

***

NSVN n = 11
control n = 30

NSVN n = 11
control n = 30

*** p ≤ 0.001
**  p ≤ 0.01

* p ≤ 0.05



Results 

40 
 

 

 

 

  

ROC curve of patients NSVN - Brachial plexus

A B

NSVN n = 11
control n = 30

Figure 22: ROC of patients with non-systemic-vasculitic neuropathy (NSVN) – brachial plexus 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement at supraclavicular 
brachial plexus. AUC 0.762; standard error 0.057; confidence interval (95%): lower limit 0.651; upper limit 
0.874 
B) ROC of CSA measurement at interscalene brachial plexus. AUC 0.612; standard error 0.072; confidence 
interval (95%): lower limit 0.470; upper limit 0.753 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, NSVN = non-systemic vasculitic 
neuropathy; ROC-curve = receiver operating characteristic-curve. 
 

Figure 21: Supraclavicular Brachial plexus; patient with non-systemic vasculitic neuropathy (NSVN) 
A) White arrows show hypoechoic fascicular structures within the plexus B) Measurement of CSA = 109 
mm² (healthy control cohort: mean 76 mm² standard deviation 17,5 mm) 
Abbreviations: CSA = cross-sectional area; mm = millimeter; NSVN = non-systemic vasculitic neuropathy. 
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Figure 23: ROC of patients with non-systemic-vasculitic neuropathy (NSVN) – median and ulnar nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement median nerve in 
patients with non-systemic vasculitic neuropathy (NSVN) B) Receiver operating characteristic (ROC) of 
longitudinal diameter (LD) measurement median nerve in patients with non-systemic vasculitic neuropathy 
(NSVN) C) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement ulnar nerve 
in patients with non-systemic vasculitic neuropathy (NSVN) D) Receiver operating characteristic (ROC) of 
cross-sectional area (CSA) measurement median nerve in patients with non-systemic vasculitic neuropathy 
(NSVN) E) data reference to A-D. Abbreviations: AUC = area under the curve; CSA= cross-sectional area, 
LD = longitudinal diameter; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; 
MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; ROC-curve = receiver operating 
characteristic-curve; SE = standard error; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
= ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 24: ROC of patients with non-systemic-vasculitic neuropathy (NSVN) – tibial nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement of tibial nerve in 
patients with non-systemic vasculitic neuropathy (NSVN) B) ROC of longitudinal diameter (LD) 
measurement of tibial nerve in patients with NSVN C) data reference to A-B 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, LD = longitudinal diameter; NSVN 
= non-systemic vasculitic neuropathy; ROC-curve = receiver operating characteristic-curve; SE = standard 
error; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa. NSVN = non-systemic 
vasculitic neuropathy; ROC-curve = receiver operating characteristic-curve; SE = standard error; TIB_MM = 
tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa. 
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3.3.6 Characterization of the subgroup with CIDP 

Twelve patients were diagnosed with CIDP. Of these twelve patients, ten fulfilled 

the INCAT criteria (Sander and Latov 2003). Median disease duration was 12 

years (0.5-25 years). Figure 25 shows the median nerve at the cubital fossa with 

enlarged CSA and LD. Figure 26 shows the CSA of patients diagnosed with CIDP 

compared to the cohort of healthy controls. Enlargement of the CSA (p˂0.05) was 

found at all sites investigated except for the seventh spinal nerve. The entire 

median, ulnar, and radial nerves showed CSA enlargement (p˂0.01) in patients 

with CIDP. This was also true for spinal nerves and the supraclavicular plexus 

(p˂0.001). At the lower extremities, enlargement of the CSA was found in all 

nerves and at all nerve sites (p˂0.001). LD results are shown in Figure 27 and 

correlate positively with the CSA (p˂0.05). Figure 28 gives an example of a 

supraclavicular brachial plexus of a patient diagnosed with CIDP. One typical 

finding are hypoechoic segments within the plexus. Cross sectional area is often 

increased. Results of ROC- analysis of supraclavicular and interscalene plexus 

is shown in Figures 29-31. AUC reaches >0.6 for most measuring sites with 

exception of tibial nerve at malleolus medialis for LD. At many measuring sites 

AUC was >0.8. 

  

Figure 25: Median nerve at cubital fossa of a patient with chronic inflammatory demyelinating polyneuropathy 
(CIDP) – cross-section and longitudinal section 
A) Median nerve at cubital fossa in cross section; patient with chronic inflammatory demyelinating 
polyneuropathy (CIDP). B) Median nerve at cubital fossa measurement of cross-sectional area (CSA); 
patient with CIDP; CSA = 47 mm² (healthy control cohort: mean 8.2 mm² standard deviation 1.9mm²) C) 
Median nerve at cubital fossa in longitudinal section- patient with CIDP. D) Median nerve at cubital fossa 
measurement of longitudinal diameter- patient with CIDP; LD = 6.1 mm (healthy control cohort: mean 2.2 
mm, standard deviation 0.3mm). 
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CSA_MW 8.9 5.9 8.2 9.6 5.3 5.3 7.7 6.5 4.9

CSA_SD 1.8 1.3 1.9 1.9 1.3 1.1 2.1 1.7 1.3

CSA_MW 10.6 9.0 15.0 13.8 7.7 7.4 9.3 9.5 6.7

CSA_SD 3.1 3.2 8.9 4.8 2.4 2.9 2.6 3.8 2.7

level of significance f_MW/mMW 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

CSA_MW 5.5 8.0 7.5 76.0 56.4

CSA_SD 1.7 2.7 2.4 17.5 16.6

CSA_MW 8.0 10.7 8.4 110.0 64.5

CSA_SD 3.0 3.5 3.6 36.0 14.2

level of significance f_MW/mMW 0.000 0.000 0.247 0.000 0.039
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CSA_MW 1.9 2.3 2.3 7.1 11.7 26.1 53.3

CSA_SD 0.6 1.2 0.8 1.9 2.0 6.7 13.7

CSA_MW 2.3 3.7 4.8 11.0 15.3 37.3 69.1

CSA_SD 0.7 0.5 3.0 4.9 4.7 13.4 14.0

level of significance f_MW/mMW 0.016 0.001 0.000 0.000 0.000 0.000 0.000
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Figure 26: Cross-sectional area (CSA) comparison of healthy control subjects and patients with chronic 
inflammatory demyelinating polyneuropathy (CIDP) 
BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-clavicular; CSA = cross-
sectional area; CIDP = Chronic inflammatory demyelinating polyneuropathy; ISC_DT = sciatic nerve, distal 
thigh; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median 
nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP 
= peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG 
= radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= 
spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial 
nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist.  
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LD_MW 2.1 2.2 2.2 2.4 1.7 1.9 2.1 2.1 1.7

LD_SD 0.4 0.4 0.4 0.5 0.3 0.4 0.4 0.4 0.3

LD_MW 2.3 2.4 3.0 3.0 2.0 2.3 2.3 2.7 1.9

LD_SD 0.5 0.7 0.9 0.8 0.3 0.6 0.4 0.7 0.3

level of significance f_MW/mMW 0.036 0.108 0.000 0.000 0.000 0.000 0.010 0.000 0.000

TIB_MM TIB_PF

LD_MW 1.2 1.2 1.2 2.0 3.0 4.8 6.3

LD_SD 0.2 0.2 0.3 0.5 0.6 1.1 1.4

LD_MW 1.2 1.4 1.5 2.6 3.2 5.2 7.3

LD_SD 0.2 0.5 0.5 0.6 0.6 0.9 1.7

level of significance f_MW/mMW 0.614 0.007 0.002 0.000 0.160 0.093 0.011
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Figure 27: Longitudinal diameter (LD) comparison of healthy control subjects and chronic inflammatory 
neuropathy (CIDP)  
Abbreviations: CIDP = chronic inflammatory demyelinating neuropathy; ISC_DT = sciatic nerve, distal thigh; 
LD = longitudinal diameter; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; 
MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, 
fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial 
peroneal nerve; RAD_SG = radial nerve, spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; 
TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid 
forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar 
nerve, wrist. 
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B 

Figure 29: Supraclavicular Brachial plexus; patient with chronic inflammatory demyelinating polyneuropathy 
(CIDP) – cross-section 
A) White arrows show hypoechoic fascicular structures within the plexus B) Measurement of cross-sectional 
area (CSA) = 200mm² (healthy control cohort: mean 76 mm² standard deviation 17.5 mm) 
Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; CSA = cross-sectional area; mm 
= millimeter. 

 

Figure 28: ROC of patients with chronic inflammatory demyelinating polyneuropathy (CIDP)– brachial plexus 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement median nerve in 
patients with non-systemic vasculitic neuropathy (NSVN) 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement at supraclavicular 
brachial plexus. AUC 0.82; standard error 0.053; confidence interval (95%): lower limit 0.72; upper limit 0.93 
B) ROC of CSA measurement at interscalene brachial plexus. AUC 0.66; standard error 0.063; confidence 
interval (95%): lower limit 0.53; upper limit 0.78. 
Abbreviations: AUC = area under the curve; CIDP = chronic inflammatory demyelinating polyneuropathy; 
CSA= cross-sectional area, ROC-curve = receiver operating characteristic-curve. 
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Figure 30: ROC of patients with chronic inflammatory demyelinating polyneuropathy (CIDP) -median and 
ulnar nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement median nerve in 
patients with chronic inflammatory demyelinating polyneuropathy (CIDP) B) ROC of longitudinal diameter 
(LD) measurement median nerve in patients with CIDP C) ROC-curve of CSA measurement ulnar nerve in 
patients with CIDP D) ROC-curve of CSA measurement median nerve in patients with CIDP E) data 
reference to A-D 
Abbreviations: AUC = area under the curve; CIDP = chronic inflammatory demyelinating polyneuropathy; 
CSA= cross-sectional area, LD = longitudinal diameter; MED_CF = median nerve, cubital fossa; MED_ MF 
= median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; 
ROC-curve = receiver operating characteristic-curve; SE = standard error; ULN_MF = ulnar nerve, mid 
forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar 
nerve, wrist. 
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Figure 31: ROC of patients with chronic inflammatory demyelinating polyneuropathy (CIDP) -tibial nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement of tibial nerve in 
patients with chronic inflammatory polyneuropathy (CIDP) B) ROC of longitudinal diameter (LD) 
measurement of tibial nerve in patients with CIDP C) data reference to A-B 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, CIDP = Chronic inflammatory 
demyelinating polyneuropathy LD = longitudinal diameter; ROC-curve = receiver operating characteristic-
curve; SE = standard error; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa. 
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3.3.7 Characterization of the subgroup with MADSAM  

Five patients were diagnosed with MADSAM. Median disease duration was 12 

years (0.5-33 years). Figure 32 shows an example with focal nerve enlargement 

of the median nerve at mid upper arm of a patient with MADSAM. Figure 33 

shows CSA data comparing patients diagnosed with MADSAM with the cohort of 

healthy controls. Increased CSA (p˂0.05) was found in all nerves at all measuring 

sites except for the profound peroneal nerve. Especially the proximal parts of the 

median, ulnar, and radial nerves showed enlargement (p˂0.01). At the lower 

extremities CSA enlargement was found at the sciatic, tibial, peroneal, and sural 

nerves compared to healthy controls. Only the distal segments of the peroneal 

nerve were normal when comparing both groups. Figure 34 shows LD data. At 

the upper extremities, LD enlargement was found at the median, ulnar, and radial 

nerves (p˂0.05). At the lower extremities, LD enlargement was found at the 

peroneal, tibial, and sciatic nerves. The sural nerve and the distal segments of 

the peroneal nerve did not show LD enlargement in the patient group compared 

to the group of healthy controls. Figure 35 shows supraclavicular plexus of a 

patient diagnosed with MADSAM. Figures 36 – 38 show ROCs of brachial plexus 

and median, ulnar and tibial nerve. AUC was >0.5 at all sites.   

Figure 32: Supraclavicular Brachial plexus; patient with multifocal acquired demyelinating and sensory 
neuropathy (MDASAM)– cross-section 
A) Median nerve at mid upper arm in cross section; patient with MADSAM B) Median nerve at mid upper 
arm measurement of cross-sectional area (CSA); patient with MADSAM; CSA = 80 mm²(healthy control 
cohort: mean 9.6 mm² standard deviation 1.9 mm²) C) Median nerve at mid upper arm in longitudinal section; 
patient with MADSAM D) Median nerve at mid upper arm measurement of LD; patient with MADSAM; LD = 
9.9 mm (healthy control cohort: mean 2.4 mm; standard deviation 0.4 mm) . 
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Figure 33: Cross-sectional area (CSA) comparison of healthy control subjects and multifocal acquired 
demyelinating sensory and motor neuropathy (MADSAM) 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MADSAM = multifocal acquired 
demyelinating sensory and motor neuropathy; MED_CF = median nerve, cubital fossa; MED_ MF = median 
nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH 
= peroneal nerve, fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal 
nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = 
spinal nerve, sixth cervical nerve; SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, 
inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; 
ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar 
sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 34: Longitudinal diameter (LD) comparison of healthy control subjects and patients with multifocal 
acquired demyelinating sensory and motor neuropathy (MADSAM)  
Abbreviations: ISC_DT = Sciatic nerve, distal thigh; LD = longitudinal diameter; MADSAM = multifocal 
acquired demyelinating sensory and motor neuropathy; MED_CF = median nerve, cubital fossa; MED_ MF 
= median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; 
PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = 
peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral groove; SUR_IG = sural nerve, 
inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; 
ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar 
sulcus; ULN_WR = ulnar nerve, wrist. 
, wrist. 
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Figure 36: ROC of patients with multifocal acquired demyelinating sensory and motor neuropathy 
(MADSAM) -tibial nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement at supraclavicular 
brachial plexus. AUC 0.751; standard error 0.092; confidence interval (95%): lower limit 0.570; upper limit 
0.932; B) ROC of CSA measurement at interscalene brachial plexus. AUC 0.667; standard error 0.116; 
confidence interval (95%): lower limit 0.441; upper limit 0.894 
Abbreviations: AUC = area under the curve; MADSAM = multifocal acquired demyelinating sensory and 
motor neuropathy; CSA= cross-sectional area, ROC-curve = receiver operating characteristic. 
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Figure 35: Supraclavicular brachial plexus; patient with multifocal acquired demyelinating sensory and motor 
neuropathy (MADSAM) 
A) White arrows show hypoechoic fascicular structures within the plexus B) Measurement of CSA = 189 
mm² (healthy control cohort: mean 76 mm² standard deviation 17,5 mm) 
Abbreviations: MADSAM = multifocal acquired demyelinating sensory and motor neuropathy; CSA = cross-
sectional area; mm = millimeter. 
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ROC-curve

AUC 0.728 0.597 0.785 0.797 0.771 0.903 0.814 0.717

SE 0.089 0.119 0.090 0.092 0.091 0.057 0.088 0.113

LL 0.553 0.364 0.610 0.616 0.593 0.593 0.642 0.495

UL 0.902 0.831 0.960 0.977 0.948 0.948 0.986 0.938

AUC 0.654 0.547 0.789 0.897 0.722 0.908 0.843 0.783

SE 0.107 0.116 0.070 0.050 0.098 0.043 0.073 0.081

LL 0.445 0.319 0.662 0.800 0.580 0.822 0.700 0.624

UL 0.864 0.774 0.935 0.995 0.964 0.993 0.986 0.941

LD

CSA

ULN_US ULN_MUMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF

Figure 37: ROC of patients with multifocal acquired demyelinating sensory and motor neuropathy 
(MADSAM) -median and ulnar nerve 
A) Receiver operating curve (ROC of cross-sectional area (CSA) measurement median nerve in patients 
with multifocal acquired demyelinating sensory and motor neuropathy (MADSAM) B) ROC of longitudinal 
diameter (LD) measurement median nerve in patients with MADSAM C) ROC of CSA measurement ulnar 
nerve in patients with MADSAM D) ROC of CSA measurement median nerve in patients with MADSAM E) 
data reference to A-D 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, LD = longitudinal diameter; 
MADSAM = multifocal acquired demyelinating and sensory neuropathy; MED_CF = median nerve, cubital 
fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR = 
median nerve, wrist; ROC-curve = receiver operating characteristic-curve; SE = standard error; ULN_MF = 
ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; 
ULN_WR = ulnar nerve, wrist. 
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Figure 38: ROC of patients with multifocal acquired demyelinating sensory and motor neuropathy 
(MADSAM) – tibial nerve 
A) Receiver operating characteristic (RO)C of cross-sectional area (CSA) measurement of tibial nerve in 
patients with multifocal acquired demyelinating sensory and motor neuropathy (MADSAM) B) ROC of 
longitudinal diameter (LD) measurement of tibial nerve in patients with MADSAM C) data reference to A-B 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, LD = longitudinal diameter; 
MADSAM = multifocal acquired demyelinating polyneuropathy; ROC-curve = receiver operating 
characteristic-curve; SE = standard error; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, 
popliteal fossa. 
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3.3.8 Characterization of the subgroup with MMN 

Nine patients were diagnosed with MMN. Median disease duration was 5 years 

(1-22 years). Figure 39 shows radial nerve at spiral groove of a patient diagnosed 

with MMN with enlargement of CSA in comparison to healthy controls. The 

intrinsic fascicular structure can be identified especially in the cross-section 

plane. Figure 40 shows the radial nerve of a patient diagnosed with MMN. CSA 

is also enlarged, but the intrinsic fascicular structure cannot be identified. Figure 

41 shows HRUS results of patients with MMN compared to healthy controls. 

Increased CSA (p˂0.05) was found at the median, radial, the fifth spinal nerves, 

the brachial plexus at the upper extremities, and at the tibial and sciatic nerves 

at the lower extremities. HRUS results of LD are shown in Figure 42 with an 

enlargement of the median, ulnar, radial, peroneal, tibial, and sciatic nerves of 

the cohort of patients compared to the cohort of healthy controls (p˂0.05 each). 

Figure 43 shows enlarged supraclavicular brachial plexus. Figures 44 – 46 show 

ROCs of the brachial plexus and median, ulnar, and tibial nerve of patients 

diagnosed with MMN. The AUC was >0.5 at all measured sites.  
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Figure 40: Radial nerve of second patient with multifocal motor neuropathy (MMN) 
A) Radial nerve at spiral groove in cross section; patient with MMN B) Radial nerve at spiral groove 
measurement of cross-sectional area (CSA); patient with MMN; CSA = 11 mm² (healthy control cohort: mean 
4.9 mm²; standard deviation 1.3 mm²) C) Radial nerve at spiral groove in longitudinal section; patient with 
MMN D) Radial nerve at spiral groove measurement of longitudinal diameter (LD); patient with MMN; LD = 
3.1 mm (healthy control cohort: mean 1.7 mm; 0.2 mm). 
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Figure 39 Radial nerve of patient with multifocal motor neuropathy (MMN) 
A) Radial nerve at spiral groove in cross section; patient with (MMN) B) Radial nerve at spiral groove 
measurement of cross-sectional area (CSA); patient with MMN; CSA = 10 mm² (healthy control cohort: mean 
4.9 mm²; standard deviation 1.3 mm²) C) Radial nerve at spiral groove in longitudinal section; patient with 
MMN D) Radial nerve at spiral groove measurement of longitudinal diameter; patient with MMN; LD = 1,7 
mm (healthy control cohort: mean 1.7 mm; 0.2 mm).  
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CSA comparison of controls and MMN - upper extremity

CSA comparison of controls and MMN - lower extremity
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Figure 41: Cross-sectional area (CSA) comparison of healthy control subjects and multifocal motor 
neuropathy (MMN) 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; MMN = multifocal motor neuropathy; PER_FH = peroneal nerve, fibular head; 
PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; 
RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; 
SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM 
= tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 42: Longitudinal diameter (LD) comparison of healthy control subjects and patients with multifocal 
motor neuropathy (MMN) 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; MMN = multifocal motor neuropathy; PER_FH = peroneal nerve, fibular head; 
PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; 
RAD_SG = radial nerve, spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial 
nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 43 Supraclavicular brachial plexus; patient with multifocal motor neuropathy (MMN)  
A) White arrows show hypoechoic fascicular structures within the plexus B) Measurement of cross-sectional 
area (CSA) = 160 mm² (healthy control cohort: mean 76 mm² standard deviation 17,5 mm) 
Abbreviations: MMN = multifocal motor neuropathy; CSA = cross-sectional area; mm = millimeter. 

 

Figure 44: ROC of patients with multifocal motor neuropathy (MMN) - brachial plexus 
A) Receiver operating curve (ROC) of cross-sectional area (CSA) measurement at supraclavicular brachial 
plexus. AUC 0.728; standard error 0.076; confidence interval (95%): lower limit 0.580; upper limit 0.876B) 
ROC of CSA measurement at interscalene brachial plexus. AUC 0.716; standard error 0.072; confidence 
interval (95%): lower limit 0.441; upper limit 0.894 
Abbreviations: AUC = area under the curve; MMN = multifocal motor neuropathy; CSA= cross-sectional 
area; ROC-curve = receiver operating characteristic-curve. 
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Figure 45: ROC of patients with multifocal motor neuropathy (MMN) – median and ulnar nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement median nerve in 
patients with multifocal motor neuropathy (MMN) B) ROC of longitudinal diameter (LD) measurement median 
nerve in patients with MMN C) ROC of CSA measurement ulnar nerve in patients with MMN D) ROC-curve 
of CSA measurement median nerve in patients with MMN E) data reference to A-D 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, LD = longitudinal diameter; 
MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; MED_MU = median nerve, 
mid upper arm; MED_WR = median nerve, wrist; MMN = multifocal motor neuropathy; ROC-curve = receiver 
operating characteristic-curve; SE = standard error; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar 
nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
 



Results 

60 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
  

ROC-curve

AUC 0.733 0.593

SE 0.077 0.082

LL 0.581 0.431

UL 0.885 0.754

AUC 0.608 0.608

SE 0.082 0.082

LL 0.701 0.701

UL 0.914 0.914

CSA

LD

TIB_MM TIB_PF

Figure 46: ROC of patients with multifocal motor neuropathy (MMN) – tibial nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement of tibial nerve in 
patients with multifocal motor neuropathy (MMN) B) ROC of longitudinal diameter (LD) measurement of tibial 
nerve in patients with MMN C) data reference to A-B 
Abbreviations: AUC = area under the curve; CSA= cross-sectional area, LD = longitudinal diameter; MMN = 
multifocal motor neuropathy; ROC-curve = receiver operating characteristic-curve; SE = standard error; 
TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa. 
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3.3.9 Characterization of the subgroup with ALS 

We recruited eight patients diagnosed with ALS. The median disease duration 

was 3 years (1-4 years). Figure 47A and 47B show a CSA enlargement of 

peroneal nerve at fibular head in a patient diagnosed with ALS. The white arrow 

shows one hypoechoic fascicular structure within the cross-section of the nerve. 

Figure 47C and 47D show the corresponding data of LD. Figure 48 shows results 

of the measurement of CSA in patients diagnosed with ALS compared to healthy 

controls. Enlargement of CSA (p˂0.05) was found at the median and ulnar 

nerves, and the brachial plexus at the upper extremities. For the lower 

extremities, enlargement of CSA was found at the peroneal, tibial, and sciatic 

nerves. Figure 49 shows the results of LD data compared to healthy controls. 

Enlargement of LD was found for peroneal, tibial and sciatic nerves (p˂0.05 

each). Figure 50 shows supraclavicular plexus of a patient diagnosed with ALS, 

although CSA is not enlarged intrinsic fascicular structures can be seen. Figures 

51-53 show ROCs of median, ulnar, and tibial nerve. AUC was >0.5 at most but 

not on all analyzed measuring sites.  

Figure 47: Peroneal nerve of patient with amyotrophic lateral sclerosis (ALS) 
A) Peroneal nerve at fibular head in cross section; patient with amyotrophic lateral sclerosis (ALS) B) 
Peroneal nerve at fibular head measurement of CSA; patient with ALS; CSA = 11 mm² (healthy control 
cohort: mean 7.1 mm²; standard deviation 1.9 mm²) C) Peroneal nerve at fibular head in longitudinal section; 
patient with ALS D) Peroneal nerve at fibular head measurement of longitudinal diameter; patient with ALS; 
LD = 2,5 mm (healthy control cohort: mean 2 mm; standard deviation 0.4 mm) 
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CSA comparison of controls and ALS - upper extremity

CSA comparison of controls and ALS - lower extremity
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Figure 48: Cross-sectional area (CSA) comparison of healthy control subjects and amyotrophic lateral 
sclerosis (ALS)  
Abbreviations: ALS = amyotrophic lateral sclerosis; BRA_IS = brachial plexus, inter-scalene muscles; 
BRA_SC = brachial plexus; supra-clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal 
thigh; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median 
nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP 
= peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG 
= radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= 
spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial 
nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
nerve, wrist. 
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Figure 49: Longitudinal diameter (LD) comparison of healthy control subjects and amyotrophic lateral 
sclerosis (ALS)  
Abbreviations: ALS = amyotrophic lateral sclerosis; ISC_DT = sciatic nerve, distal thigh; LD = longitudinal 
diameter; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = 
median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, fibular head; 
PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; 
RAD_SG = radial nerve, spiral groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial 
nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; 
ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, 
mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar 
nerve, wrist. 
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Figure 51: Supraclavicular brachial plexus; patient with amyotrophic lateral sclerosis (ALS) 
 A) White arrows show hypoechoic fascicular structures within the plexus B) Measurement of cross-sectional 
area (CSA) = 77 mm² (healthy control cohort: mean 76 mm² standard deviation 17,5 mm) 
Abbreviations: MMN = multifocal motor neuropathy; CSA = cross-sectional area; mm = millimeter. 
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Figure 50: ROC of patients with amyotrophic lateral sclerosis (ALS)– brachial plexus 
 A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement at supraclavicular 
brachial plexus. AUC 0.574; standard error 0.083; confidence interval (95%): lower limit 0.412; upper limit 
0.736 B) ROC of CSA measurement at interscalene brachial plexus. AUC 0.480; standard error 0.078; 
confidence interval (95%): lower limit 0.327; upper limit 0.633. 
Abbreviations: AUC = area under the curve; ALS = amyotrophic lateral sclerosis; CSA= cross-sectional area; 
ROC-curve = receiver operating characteristic-curve. 
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Figure 52: ROC of patients with amyotrophic lateral sclerosis (ALS)– median and ulnar nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement median nerve in 
patients with amyotrophic lateral sclerosis (ALS) B) ROC of longitudinal diameter (LD) measurement median 
nerve in patients with ALS C) ROC of CSA measurement ulnar nerve in patients with ALS D) ROC of CSA 
measurement median nerve in patients with ALS E) data reference to A-D. 
Abbreviations: ALS = amyotrophic lateral sclerosis; AUC = area under the curve; CSA= cross-sectional area, 
LD = longitudinal diameter; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; 
MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; ROC-curve = receiver operating 
characteristic-curve; SE = standard error; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 53: ROC of patients with amyotrophic lateral sclerosis (ALS)– tibial nerve 
A) Receiver operating characteristic (ROC) of cross-sectional area (CSA) measurement of tibial nerve in 
patients with amyotrophic lateral sclerosis (ALS) B) ROC of longitudinal diameter (LD) measurement of tibial 
nerve in patients with ALS C) data reference to A-B. 
Abbreviations: ALS = amyotrophic lateral sclerosis; AUC = area under the curve; CSA= cross-sectional area, 
LD = longitudinal diameter; MADSAM = multifocal acquired demyelinating polyneuropathy; ROC-curve = 
receiver operating characteristic-curve; SE = standard error; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa. 
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3.3.10 Analysis of the results of nerve biopsy in relation to HRUS data 

In 48 patients, a diagnostic nerve biopsy was performed at the sural, radial or 

ulnar nerve. In one case, nerve biopsy was performed in an external hospital; 

results of the histological analysis of this patient were not available. 44/48 (92%) 

patients received a sural nerve biopsy, 3/44 (6%) patients a sensory radial nerve 

biopsy, and 1/44 (2%) patient a fascicular biopsy of the ulnar nerve. In 36/44 

(77%) patients, histological signs of inflammation were found. These patients 

were diagnosed with CIDP 5/44 (11%), MADSAM 2/44 (5%), MMN 2/44 (5%), 

PIAN 3/44 (7%), axonal neuropathies 4/44 (9%), NSVN 10/44 (23%), SVN 2/44 

(5%), diabetic neuropathy 2/44 (5%), neuropathy, not identified 3/44 (7%), and 

paraproteinemic neuropathy 1/44 (2%). Results of CSA and LD data of those 

patients with histological signs of inflammation and those without are shown in 

Figure 54 and 55. No relevant intergroup difference was found except for single 

data points such as a larger CSA of the nerve and interscalene brachial plexus 

of patients with inflammatory neuropathies compared to non-inflammatory 

neuropathies (p<0.05 each). In 17/44 (36%) patients, histological signs of 

demyelination were found, in 8/44 (17%) patients of these onion-bulb formations 

were seen. Results of CSA LD comparison of patients with signs of demyelination 

and those without are shown in Figure 56. The corresponding comparison of the 

LD of those two groups are shown in Figure 57. For both the CSA and the LD no 

intergroup differences were found. In 27/44 (57%) patients, signs of nerve edema 

were found in the histological assessment as described in 2.8. The CSA 

comparison between patients with and without signs edema is shown in Figure 

58. CSA did not differ between groups. Intergroup comparison of the LD is shown 

in Figure 59. Increased LD was found at the median nerve at mid-forearm and 

mid-upper arm for the ulnar nerve of patient with edema in nerve biopsy 

compared to healthy controls (p<0.05). In addition, the grade of described edema 

was quantified. In 14/27 (52 %) of the patients slight grade of edema, in 7/27 

(26%) patients medium grade of edema, and in 6/27 (22%) patients high grade 

edema was found. Results did not change when stratifying the patient groups for 

the semiquantitative extend of edema (no edema – mild edema – severe edema). 
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CSA comparison of patients with and without signs of inflammation in nerve biopsy - upper extremity

CSA comparison of patients with and without signs of inflammation in nerve biopsy - lower extremity
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Figure 54: Cross-sectional area (CSA) comparison of patients with and without signs of inflammation in 
nerve biopsy  
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; histo_inflammation = patients with signs of inflammation in nerve 
biopsy; histo_no_inflammation = patients without signs of inflammation in nerve biopsy ISC_DT = sciatic 
nerve, distal thigh; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; ; 
MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, 
fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial 
peroneal nerve; RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth 
cervical nerve; SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius 
muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar 
nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR 
= ulnar nerve, wrist. 
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LD comparison of patients with and without signs of inflammation in nerve biopsy - upper extremity

LD comparison of patients with and without signs of inflammation in nerve biopsy - lower extremity
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Figure 55: Longitudinal (LD) comparison of patients with and without signs of inflammation in nerve biopsy 
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, cubital 
fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR = median 
nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound peroneal nerve; 
PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral groove; SUR_IG = sural 
nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; 
ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; 
ULN_WR = ulnar nerve, wrist. 
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Figure 56: Cross-sectional area (CSA) comparison of patients with signs of demyelination in nerve biopsy  
Abbreviations: Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; 
supra-clavicular; CSA = cross-sectional area; histo_inflammation = patients with signs of inflammation in 
nerve biopsy; histo_no_inflammation = patients without signs of inflammation in nerve biopsy ISC_DT = 
sciatic nerve, distal thigh; MED_CF = median nerve, cubital fossa; MED_ MF = median nerve, mid forearm; 
; MED_MU = median nerve, mid upper arm; MED_WR = median nerve, wrist; PER_FH = peroneal nerve, 
fibular head; PER_PP = peroneal nerve, profound peroneal nerve; PER_PS = peroneal nerve, superficial 
peroneal nerve; RAD_SG = radial nerve, spiral groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth 
cervical nerve; SPI_C7= spinal nerve, seventh cervical nerve; SUR_IG = sural nerve, inter gastrocnemius 
muscle; TIB_MM = tibial nerve, medial malleolus; TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar 
nerve, mid forearm; ULN_MU = ulnar nerve, mid upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR 
= ulnar nerve, wrist. 
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LD comparison of patients with signs of demyelination in nerve biopsy - upper extremity

LD comparison of patients with signs of demyelination in nerve biopsy - lower extremity
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Figure 57: Longitudinal diameter (LD) comparison of patients with signs of demyelination in nerve biopsy  
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 58: Cross-sectional area (CSA) comparison of patients with edema in nerve biopsy 
Abbreviations: BRA_IS = brachial plexus, inter-scalene muscles; BRA_SC = brachial plexus; supra-
clavicular; CSA = cross-sectional area; ISC_DT = sciatic nerve, distal thigh; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SPI_C5 = spinal nerve; SPI_C6 = spinal nerve, sixth cervical nerve; SPI_C7= spinal nerve, seventh 
cervical nerve; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 
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Figure 59: Longitudinal diameter (LD) comparison of patients with edema in nerve biopsy  
Abbreviations: ISC_DT = sciatic nerve, distal thigh; LD = longitudinal diameter; MED_CF = median nerve, 
cubital fossa; MED_ MF = median nerve, mid forearm; ; MED_MU = median nerve, mid upper arm; MED_WR 
= median nerve, wrist; PER_FH = peroneal nerve, fibular head; PER_PP = peroneal nerve, profound 
peroneal nerve; PER_PS = peroneal nerve, superficial peroneal nerve; RAD_SG = radial nerve, spiral 
groove; SUR_IG = sural nerve, inter gastrocnemius muscle; TIB_MM = tibial nerve, medial malleolus; 
TIB_PF = tibial nerve, popliteal fossa; ULN_MF = ulnar nerve, mid forearm; ULN_MU = ulnar nerve, mid 
upper arm; ULN_US = ulnar nerve, ulnar sulcus; ULN_WR = ulnar nerve, wrist. 

LD comparison of patients with edema in nerve biopsy - upper extremity

LD comparison of patients with edema in nerve biopsy - lower extremity

0

1

1

2

2

3

3

4

MED_WR MED_MF MED_CF MED_MU ULN_WR ULN_MF ULN_US ULN_MU RAD_SG

LD histo_edema LD histo_no_edema

C
S

A
 i

n
 m

m
²

*
*

0

1

2

3

4

5

6

7

8

TIB_MM TIB_PF ISC_DT

LD histo_edema LD histo_no_edema

C
S

A
 i

n
 m

m
²

0

0.5

1

1.5

2

2.5

3

SUR_IG PER_PS PER_PP PER_FH

LD histo_edema LD histo_no_edema

LD
in

 m
m

*** p ≤ 0.001
**  p ≤ 0.01

* p ≤ 0.05

histo_edema n = 27 
histo_no_edema n  =  9

histo_edema n = 27 
histo_no_edema n  =  9

LD in mm

LD_MV 2.2 2.2 2.5 2.7 1.8 2.1 2.4 2.4 1.8

LD_SD 0.5 0.6 0.8 0.7 0.4 0.4 0.7 0.6 0.4

LD_MV 2.1 2.6 2.6 2.8 1.8 2.2 2.4 2.9 1.8

LD_SD 0.4 1.0 1.0 0.9 0.3 0.7 0.7 1.4 0.3

level of significance 0.355 0.034 0.893 0.483 0.607 0.402 0.963 0.029 0.891

LD in mm TIB_MM TIB_PF

LD_MV 1.2 1.4 1.3 2.3 3.3 5.1 6.4

LD_SD 0.2 0.3 0.2 0.6 0.8 1.2 1.3

LD_MV 1.3 1.3 1.3 2.5 3.2 5.1 6.7

LD_SD 0.4 0.3 0.3 1.1 0.7 1.2 1.7

level of significance 0.556 0.280 0.820 0.260 0.559 0.946 0.581

ULN_MFMED_WR MED_MF MED_CF MED_MU ULN_WR ULN_US ULN_MU RAD_SG

SUR_IG PER_PS PER_PP PER_FH

histo_edema

histo_no_edema

ISC_DT

histo_edema

histo_no_edema



Results 

74 
 

3.3.11 Results of NCS in synopsis with HRUS measurements at sites of 

electric conduction block (CB) 

NCS revealed ten sites with CB in 6/92 (7%) patients. Three of these patients 

were diagnosed with MMN, one with MADSAM, and one with hereditary 

neuropathy. The data of NCS in comparison with HRUS measurements (CSA 

and LD) are shown in Table 4. Normative reference values (mean) with standard 

deviation are shown below the data point of CSA or LD. If the data point was 

higher than reference value (mean) plus standard deviation it was marked blue. 

In all cases of detected CB associated enlargement of CSA or LD was found.   

Table 4: High-resolution nerve ultrasound (HRUS) measurement at sites of conduction block (CB) 
Blue coloration shows enlargement of cross-sectional area (CSA) or longitudinal diameter (LD) above mean 
in addition with standard deviation (SD). Abbreviations: CB = conduction block; CF = cubital fossa; CMAP = 
compound muscle action potential; CSA = cross-sectional area; dist. = distal; HRUS = high-resolution nerve 
ultrasound; MADSAM = multifocal acquired demyelinating sensory and motor neuropathy; hered. NP = 
hereditary neuropathy; MF = mid forearm; mm = millimeter; MMN = multifocal motor neuropathy; MU = mid-
upper arm; mV = millivolt; prox. = proximal; LD = longitudinal diameter; SG = spiral groove; US = ulnar 
sulcus; WR = wrist. 

median right, prox. 0,84 2,20 4,8 11,3 2,7 5,3 2,1

nerve reference 2.4 (SD 0.4) 2.2 (SD 0.3) 5.9 (SD 1.3) 2.1 (SD 0.4)

median right, prox. 3,07 8,12 19,7 3,7 11,0 3,4 7,0 2,0

nerve reference 2.4 (SD 0.4) 2.2 (SD 0.3) 5.9 (SD 1.3) 2.1 (SD 0.4)

ulnar right, prox. 0,77 8,08 6,7 1,8 7,7 2,1 6,7 2,0

nerve reference 6.5 (SD 1.7) 2.1 (SD 0.2) 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3)

median right, prox. 1,85 4,17 74,7 9,6 29,3 4,0 4,0 1,7

nerve reference 2.4 (SD 0.4) 2.2 (SD 0.3) 5.9 (SD 1.3) 2.1 (SD 0.4)

median right, dist. 4,17 12,38 29,3 4,0 4,0 1,7 7,3 1,8

nerve reference 2.2 (SD 0.3) 5.9 (SD 1.3) 2.1 (SD 0.4) 8.9 (SD 1.8) 2.1  (SD 0.4)

ulnar right, prox. 0,69 2,80 46,7 7,9 9,7 2,4 14,0 3,7

nerve reference 6.5 (SD 1.7) 2.1 (SD 0.2) 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3)

ulnar right, dist. 2,80 13,62 9,7 2,4 14,0 3,7 3,7 1,6

nerve reference 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3) 5.3 (SD 1.3) 1.7 (SD 0.3)

ulnar left, prox. 2,11 4,69 27,0 5,2 12,3 1,8 9,3 2,9

nerve reference 6.5 (SD 1.7) 2.1 (SD 0.2) 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3)

ulnar left, dist. 4,69 13,56 12,3 1,8 9,3 2,9 10,0 2,4

nerve reference 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3) 5.3 (SD 1.3) 1.7 (SD 0.3)

radial right, prox. 2,58 12,55 12,7 2,1

nerve reference 4.9 (SD 1.3) 1.7 (SD  0.2)

ulnar right, prox. 0,77 1,86 4,0 2,1 8,7 2,1 7,3 1,8

nerve reference 6.5 (SD 1.7) 2.1 (SD 0.2) 7.7 (SD 2.1) 2.1 (SD 0.4) 5.3 (SD 1.1) 1.9 (SD 0.3)

case 2: MMN

case 1: MMN

LD_US [mm] CSA_MF [mm²] LD_MF [mm] prox. CMAP [mV] dist. 1 CMAP [mV] CSA_MU [mm²] LD_MU [mm]  CSA_US [mm²]

dist. 1 CMAP [mV] dist. 2 CMAP [mV] LD_MF [mm] CSA_WR [mm²] LD_WR [mm] 

LD_MF [mm] CSA_MU [mm²] LD_MU [mm]  CSA_CF [mm²] LD_CF [mm] CSA_MF [mm²]prox. CMAP [mV] dist. 1 CMAP [mV] case 4: MADSAM

case 3: MMN

LD_MF [mm] prox. CMAP [mV] dist. 1 CMAP [mV] CSA_MU [mm²] LD_MU [mm]  CSA_CF [mm²] LD_CF [mm] CSA_MF [mm²]

prox. CMAP [mV] dist. 1 CMAP [mV] CSA_MU [mm²] 

prox. CMAP [mV] dist. 1 CMAP [mV] CSA_MU [mm²] LD_MU [mm]  CSA_US [mm²] LD_US [mm] CSA_MF [mm²] LD_MF [mm] 

LD_MU [mm]  CSA_CF [mm²] LD_CF [mm] CSA_MF [mm²] LD_MF [mm] 

dist. 1 CMAP [mV] dist. 2 CMAP [mV] CSA_US [mm²] LD_US [mm] CSA_MF [mm²] LD_MF [mm] CSA_WR [mm²] LD_WR [mm] 

prox. CMAP [mV] dist. 1 CMAP [mV] CSA_MU [mm²] LD_MU [mm]  CSA_US [mm²] LD_US [mm] CSA_MF [mm²] LD_MF [mm] 

CSA_MF [mm²] LD_MF [mm] CSA_WR [mm²] LD_WR [mm] dist. 1 CMAP [mV] dist. 2 CMAP [mV] CSA_US [mm²] LD_US [mm] 

prox. CMAP [mV] dist. 1 CMAP [mV] 

prox. CMAP [mV] dist. 1 CMAP [mV] CSA_SG [mm²] LD_SG [mm]  

case 5: hered. NP CSA_MU [mm²] LD_MU [mm]  CSA_US [mm²] LD_US [mm] CSA_MF [mm²] LD_MF [mm] 

8.9 (SD 1.8) 8.2 (SD 1.9)

13,0

8.9 (SD 1.8) 8.2 (SD 1.9)

8.9 (SD 1.8) 8.2 (SD 1.9)

8.2 (SD 1.9)

CSA_CF [mm²] LD_CF [mm] CSA_MF [mm²]
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4 Discussion 

4.1 Study findings 

The objective of our study was to examine the diagnostic utility of HRUS for the 

differentiation between subtypes of both axonal and demyelinating neuropathies. 

Additionally, patients with ALS were included.  

The first hypothesis was that neuropathy causes enlargement of peripheral 

nerves compared to healthy controls and that ALS does not cause enlargement 

of peripheral nerves compared to healthy controls. Our findings were that CSA 

and LD were enlarged in patients with polyneuropathy at most measured sites. 

However, nerve enlargement was less frequent in the cohort of patients with ALS 

– but nerve enlargement was present in ALS as well. Although not systematically 

examined, morphological alteration of intrinsic nerve structure was found in both 

patients with polyneuropathy and ALS. 

The second hypothesis was that enlargement of peripheral nerves can be 

detected by measurement of CSA and LD and that both types of measurement 

deliver comparable results. We found that CSA and LD measurement showed 

comparable results in most disease groups and groups of stratification. Notable 

in this context was that nerve enlargement was slightly less frequent than by 

measurement of LD. 

The third hypothesis was that axonal and demyelinating neuropathies show 

distinctive patterns of nerve enlargement. The subtypes of axonal and 

demyelinating neuropathies can be identified by HRUS. Comparison between 

diagnose-defined subgroups of axonal and demyelinating polyneuropathies and 

healthy controls showed a stronger nerve enlargement with additional 

enhancement of proximal nerve segments of upper extremities in patients with 

demyelinating neuropathies compared to patients with axonal neuropathies. 

Stratification for inflammatory and non-inflammatory neuropathies did only show 

low enlargement at few sites for the inflammatory subgroup. Defined subtypes of 

inflammatory neuropathies (NSVN, CIDP, MADSAM, MMN) showed partly strong 

nerve enlargement. In this study, only slight differences between a defined 

subgroup of painful and painless neuropathy was found with mild nerve 
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enlargement at some measuring sites. In regional connection to sites of 

conduction block, nerve enlargement was detected. 

The fourth hypothesis was that histological findings show corresponding 

measurement alterations in HRUS. Stratification for specific characteristics in 

nerve biopsy did not lead to constructive differences in comparison between 

groups.  

4.1.1 Healthy control cohort and normative values 

In a first step, healthy controls were systematically examined to create site-

specific normative values. This is obligatory since normal values of nerve size 

vary between laboratories and examiners (Telleman et al. 2018).  

A substantial difference between the left and the right body side was not found in 

this study. Established data concerning this question partly contradicts this 

finding – a slight skew to the right body side has been described (Cartwright et 

al. 2008), whereas other authors found similar CSA at the left and the right side 

(Zaidman et al. 2009). No systematic positive or negative correlation was found 

to subcohort specifications such as height, weight or BMI. Zaidman et. al found a 

correlation between height and average CSA and in a lower extent with weight 

(Zaidman et al. 2009). Cartwright et al. found a correlation of CSA with weight 

(Cartwright et al. 2008). However, the direct comparison of the male and female 

subcohort revealed few, but remarkable differences: the CSA of ulnar nerve at 

mid forearm and at mid upper arm showed higher CSA values in the male group 

than in the female subgroup. Similarly, this was found similar for the 

supraclavicular brachial plexus – at this site the absolute difference between the 

subgroups was about 10 mm². LD was found to be enlarged for the median nerve 

at cubital fossa.  

With these conflicting data, future studies with larger cohorts of healthy controls 

are needed to clarify the potential influence of epidemiological data on reference 

values. 

4.1.2 Patients with neuropathy 

The comparison of all patients with neuropathy to the healthy control cohort 

showed increased CSA and LD at most of measuring sides, which suggests that 
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neuropathy causes morphological alteration at peripheral nerves in the sense of 

enlargement visible with HRUS. The comparison of axonal and demyelinating 

neuropathies showed higher CSA and LD values at more measuring sites in 

patients with demyelinating neuropathies compared to patients with axonal 

polyneuropathies. A different pattern between demyelinating and axonal 

neuropathies in comparison to controls was already described: demyelinating 

neuropathies showed stronger nerve thickening in cervical nerve roots and in 

proximal upper limb nerves compared to axonal neuropathies (Scheidl et al. 

2014). We reproduced this finding for proximal median and proximal radial nerve, 

the C5 nerve root, and the brachial plexus.  

The direct comparison of patients with and without inflammatory neuropathy 

showed a CSA enlargement of brachial plexus and distal ulnar nerves for the 

subgroup of inflammatory neuropathy. Evidence on this topic is rare, since some 

studies did recruit patients with axonal neuropathies, but there is a lack of studies 

with a specific selection of patients with axonal neuropathies with and without 

signs of inflammation. The comparison patients with painful and painless 

neuropathy showed just slight CSA enlargement for the painful subgroup at ulnar, 

tibial, peroneal, and sixth spinal nerve. It remains unclear, if this was due to higher 

disease activity or higher disease severity. 

The subgroup diagnosed with NSVN showed nerve enlargement at the upper and 

lower extremity compared to healthy controls for the CSA. LD enlargement was 

found at the upper extremity and to a lower degree in the lower extremity as well. 

Although not systematically examined in this study, at prescribed sites nerve 

enlargement appeared to be more focal than in other inflammatory neuropathies. 

Literature gives corresponding results with focal CSA enlargement in one or more 

nerves in patients with NSVN. However, strongest nerve enlargement was found 

for tibial and peroneal nerves (Grimm et al. 2014). In our study, level of 

significance reached strongest values for several sites of median and ulnar nerve, 

brachial plexus at supraclavicular site, even the C5 nerve root, distal tibial nerve 

and peroneal nerve. We also confirmed the finding of a strong LD enlargement 

of the superficial peroneal nerve in patients with NSVN (Üçeyler et al. 2016). The 

CIDP-subgroup showed nerve enlargement at most measuring sites for CSA and 
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LD. Enlargement for CSA was present at all measuring sites with exception of 

the C7 nerve root. Enlargement of the LD was found at all sites with exception of 

the median nerve at mid forearm and tibial and sural nerve. Recent findings attest 

HRUS a higher sensitivity but lower specificity than NCS for the detection of CIDP 

(Herraets et al. 2020). This underlines the importance of HRUS in terms of this 

potential treatable disease.  

In the patients diagnosed with MADSAM, nerve enlargement was seen for CSA 

and LD at most sites as well. Especially radial nerve and proximal parts of median 

and ulnar nerve, along with the brachial plexus at the supraclavicular showed the 

highest nerve enlargement of all neuropathies. Furthermore, a CSA “crescendo” 

from distal to proximal parts of median and ulnar nerve was remarkable, which 

could be confirmed by LD measurement. The nerve enlargement in MADSAM 

was described earlier. In one study nerve enlargement correlated strongly with 

CB –our data underlines this correlation (Scheidl et al. 2012). In the subgroup 

diagnosed with MMN, nerve enlargement was present to a lower extent. Ulnar 

nerve showed no enlargement for the CSA and just slight enlargement for the 

LD. Radial nerve showed enlargement for both measuring parameters. The nerve 

enlargement of median nerve was accentuated proximal. Brachial plexus showed 

CSA enlargement for both measuring sites. Former study results already 

described multifocal nerve enlargement in patients diagnosed with MMN. Nerve 

enlargement was found at sites without conduction abnormities as well and at 

sites where clinically no sonographic abnormity was suspected (Beekman et al. 

2005). A case series additional even identified patients with clinical symptoms 

compatible with CIDP and MMN with abnormal peripheral ultrasound findings but 

without electrodiagnostic features of demyelination. These patients responded 

positively to therapy with intravenous immunoglobulin (Goedee et al. 2019).  

The correlation of HRUS findings with nerve conduction studies detected 

conduction block showed enlargement of CSA and/or LD in associated nerve 

regions. In some cases, this alteration of the nerve caliber was slight, whereas in 

some cases enlargement was prominent. This finding corresponds to preexisting 

literature, which postulates the correlation of conduction block and nerve 

enlargement (Granata et al. 2009, Scheidl et al. 2012).  
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Hypoechoic fascicular structure did not only occur in CIDP, MADSAM, MMN, 

NSVN, axonal neuropathy, and ALS. Extent and distribution of these structures 

were not specifically recorded. Previously, a larger size of nerve fascicles was 

reported in CIDP, MADSAM, and MMN than in axonal neuropathies at the fibular, 

ulnar and median nerve (Goedee et al. 2016). It was assumed that nerve 

enlargement could relate to focal inflammatory demyelinating with swelling of the 

nerve sheaths (Grimm et al. 2014). As fluid appears hypoechoic in ultrasound 

investigation, this could be deducted to the partial correlation of nerve 

enlargement and the presence of hypoechogenic fascicular structure. This 

suggests that endoneural fluid contributes to nerve enlargement. But 

enlargement of CSA was not only present in association with hypoechogenic 

fascicular structure, but also with hyperechoic intraneural alteration shown in 

Figure 32.  

The subgroup analysis after stratification for histological features such as 

inflammation, demyelination, or edema did not show relevant differences 

between the group of patients with the respective finding in nerve biopsy and 

without. This leads to the conclusion that HRUS cannot replace a histological 

examination. Especially HRUS investigation of sural nerve did not give evidence 

about histological characteristics in our study. In contrast, ultra-high-frequency 

ultrasound (linear array transducer, 50-70 MHz) revealed that hyperechogenity 

of sural nerve correlates with inflammatory infiltrates in nerve biopsy of patients 

with progressive neuropathies. (Puma et al. 2021). 

4.1.3 Patients with ALS 

We found both enlargement of the CSA and the LD at the upper and lower 

extremities in patients with ALS compared to the healthy control cohort. Median 

and ulnar nerves showed enlargement for the CSA and to a lower extent for the 

LD at both entrapment and non-entrapment sites. Brachial plexus showed 

enlargement at the supraclavicular site. At the lower extremities, the peroneal 

nerve showed enlargement. It is notable that the nerve enlargement at the 

proximal parts of the upper extremities (median, ulnar, radial nerve and brachial 

plexus) occurred to a much lower extend than in inflammatory neuropathies. 

Remarkable in this context was, that the AUC of ROCs for the investigated 
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inflammatory neuropathies (NSVN, CIDP, MADSAM, MMN) were above 0.5, 

whereas the AUC of ROCs of the brachial plexus in patients with ALS was close 

to 0.5.  

The spinal nerves showed no enlargement in the cohort of patients with ALS. The 

easily accessible C5 nerve root differed strongest between inflammatory 

neuropathies (NSVN, CIDP, MADSAM, MMN) in which enlargement was visible 

compared to ALS in which no CSA enlargement was present. Hence, this site 

might help in clinical differentiation between diseases. Literature about this issue 

is controversial. Previous studies reported a larger CSA in controls than in 

patients with ALS (Cartwright et al. 2011, Schreiber et al. 2015), but single nerve 

enlargement was also found in patients with ALS (Grimm et al. 2015).  

4.2 Limitations of this study 

Our study has some limitations. Firstly, the study was executed as a single 

HRUS-investigator study, which implies that the interrater reliability could not be 

classified, and systematic error could not be eliminated. The investigator was not 

blinded for diagnosis, clinical parameters, and medical history due to recruitment 

process. Secondly, although the primary group of all recruited patients with 

neuropathy was large (n = 84), the subgroups remained small. Therefore, the 

statistical power of the results is limited. Lastly, patients were recruited in different 

stages of disease with and without immunomodulatory therapy, which might had 

an impact on nerve size. As for CIDP, a smaller nerve size was reported under 

treatment (Zaidman and Pestronk 2014). This was considered in other studies, 

which recruited treatment negative patients (Goedee et al. 2016).  

Graphical illustration of CSA and LD values shows connecting lines between 

measuring sites of one nerve or few nerves. This presentation was chosen for 

reasons of easier comprehension of the Figures.  

4.3 Strengths of this study  

We performed repetitive HRUS measurements at many sites to guarantee 

highest possible quality of obtained data.  
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Although HRUS measurement results differ between investigators and center 

specific reference values need to be defined, our measuring results show good 

correlation to reference data published (Boehm et al. 2014).  

Further, we recruited a large group of patients with different types of 

neuropathies, which was mandatory for the generation of subgroups to analyze 

the diagnostic accuracy of HRUS, while only few studies included patients with 

relevant reference and healthy control groups, in particular axonal neuropathies 

and ALS (Goedee et al. 2016).  

In an early stage of neuropathy, diagnostic accuracy may be limited. Therefore, 

a longer course of disease may secure the final diagnosis. This might be crucial 

in differentiating MMN and ALS, which might reveal the true entity only in late 

course. Most of our patients were diagnosed one year or more and diagnoses 

were repetitively cross-checked by senior neurologists.  

4.4 Perspective 

Structural nerve alteration and enlargement of nerves in peripheral nerve 

disorders is present and can be detected by HRUS, yet its origins and 

pathophysiological formation are not yet understood. We do not know, if 

peripheral nerve enlargement in neuropathies is due to inflammatory processes, 

the endoneural inclusion of fluid, processes of demyelination and remyelination, 

a combination or none of that. Further, it must be considered different 

pathophysiological causes play a role, which are only partly understood. 

Therefore, the combination of different methods such as electrophysiology, MRI, 

laboratory tests and nerve biopsy are necessary when diagnosing neuropathies. 

Recent scientific consideration engages for example in the assessment of the 

diagnostic performance of nerve ultrasound in comparison with qualitative and 

(semi-)quantitative MRI and in order to distinguish MMN and CIDP from 

segmental spinal muscular atrophy (Oudeman et al. 2020). 

The capability of HRUS will evolve with technical development and may reveal 

new aspects and insights in nerve assessment. New findings may open new 

sights on the previous established knowledge and thus must continually be 

reviewed and discussed. To our mind, HRUS should continue its path into routine 

diagnostics with patients in suspicion of neuropathy and ALS.   
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5 Summary 

Neuropathies are a group of potentially treatable diseases with an often disabling 

and restricting course. ALS is a lethal disease without causal treatment 

possibilities. The objective of this study was to examine the diagnostic utility of 

HRUS for the differentiation of subtypes of axonal and demyelinating 

neuropathies and to investigate its utility for the sonological differentiation of ALS.  

The hypothetical statement that neuropathy causes enlargement of peripheral 

nerves compared to healthy controls proved to be right, but the adjunctive 

assumption that ALS does not cause enlargement of peripheral nerves proved to 

be wrong – in patients with ALS slight enlargement of peripheral nerves was 

visible as well. The statement that nerve enlargement can be detected by 

measurement of CSA and LD with comparable results proved to be right, but the 

enlargement was slightly less present by measurement of the LD. The statement 

that axonal and demyelinating neuropathies show distinct patterns of nerve 

enlargement must be answered differentiated: The comparison between axonal 

and demyelinating neuropathies showed a stronger nerve enlargement in 

patients with demyelinating neuropathies than in patients with axonal 

neuropathies at proximal nerve segments of upper extremities. In the comparison 

of diagnose-defined subgroups of inflammatory demyelinating neuropathies a 

respective specific pattern of nerve enlargement was visible. However, 

remarkable in this context was the strong nerve enlargement found in patients 

with NSVN, which is classified as axonal neuropathy. Stratification for specific 

findings in nerve biopsy did not lead to constructive differences in comparison 

between the different groups. To sum up, HRUS showed to provide a useful 

contribution in the diagnostic process of neuropathies and ALS but needs to be 

integrated in a multimodal diagnostic approach.   
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5 Zusammenfassung  

Neuropathien stellen eine Gruppe potenziell behandelbarer Erkrankungen mit 

häufig behinderndem und einschränkendem Verlauf dar. Die amyotrophe 

Lateralsklerose ist eine tödliche Erkrankung ohne Möglichkeiten der kausalen 

Behandlung. Das Ziel dieser Studie war es, den diagnostischen Nutzen von 

hochauflösendem Ultraschall für die Differenzierung von Subtypen axonaler und 

demyelinisierender Neuropathien, sowie der amyotrophen Lateralsklerose zu 

untersuchen. Die hypothetische Aussage, dass durch Neuropathien eine 

Vergrößerung von peripheren Nerven im Vergleich zu gesunden Kontrollen 

nachgewiesen werden kann, erwies sich als richtig. Entgegen der hiermit 

verknüpften Aussage, dass es bei amyotropher Lateralsklerose zu keiner 

Größenzunahme peripherer Nerven kommt, konnte bei diesen Patienten 

ebenfalls eine leichte Kaliberzunahme der Nerven nachgewiesen werden. Die 

Aussage, dass eine Nervenvergrößerung durch die Messung von 

Querschnittsfläche und longitudinalem Durchmesser mit vergleichbaren 

Ergebnissen erfolgen kann, erwies sich als richtig, jedoch zeigte sich die 

Nervenvergrößerung bei der Messung des longitudinalen Durchmessers etwas 

geringer ausgeprägt. Die Aussage, dass axonale und demyelinisierende 

Neuropathien unterschiedliche Muster der Nervenvergrößerung aufweisen, muss 

differenziert beantwortet werden: Der Vergleich axonalen und 

demyelinisierenden Neuropathien zeigte bei Patienten mit demyelinisierenden 

Neuropathien, insbesondere an proximalen Nervensegmenten der oberen 

Extremitäten, eine stärkere Nervenvergrößerung als bei Patienten mit axonalen 

Neuropathien. Im Vergleich diagnose-definierter Subgruppen demyelinisierender 

Neuropathien zeigte sich ein jeweils spezifisches Verteilungsmuster der 

Nervenvergrößerung. In diesem Zusammenhang bemerkenswert war jedoch die 

starke Nervenvergrößerung bei Patienten mit nicht-systemischer vaskulitischer 

Polyneuropahie, welche als axonale Neuropathie klassifiziert wird. Die 

Stratifikation nach spezifischen Befunden in der Nervenbiopsie führte nicht zu 

konstruktiven Unterschieden im Vergleich der Untergruppen. Zusammenfassend 

zeigte sich, dass der hochauflösende Nervenultraschall einen nützlichen Beitrag 

im diagnostischen Prozess von Neuropathien und ALS leisten kann, jedoch in 

eine multimodale diagnostische Herangehensweise integriert werden muss.   
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ADS   “Allgemeine Depressions Skala” 

ALS   Amyotrophic lateral sclerosis 

AMSAN  Acute motor and sensory axonal neuropathy 

ANA   Anti-nuclear antibodies 

ANCA  Anti-neutrophil cytoplasmatic autoantibodies 

AUC   Area under the curve 

BMI   Body mass index 

BRA_IS  Brachial plexus, inter-scalene muscles 

BRA_SC  Brachial plexus; supra-clavicular 

C5/6/7  Fifth/sixth/seventh cervical nerve 

CB   conduction block 

CES-D-Scale Center for Epidemiologic Studies Depression Scale 

CIAP   Chronic idiopathic axonal polyneuropathy 

CIDP  Chronic inflammatory demyelinating polyneuropathy 

CMT   Charcot-Marie-Tooth 

CSA   Cross-sectional area 

DEGUM  “Deutsche Gesellschaft für Ultraschall in der Medizin” 

DICOM  Digital Imaging and Communications in Medicine 

EFNS  European Federation of Neurological Societies 

ENA   Extractable nuclear antigen 

GCPS  Graded Chronic Pain Scale 

Hb   Hemoglobin 

HNPP  Hereditary neuropathy with liability to pressure palsies 

HRUS   High-resolution nerve ultrasound 

IBM   International Business Machines Corporation 

Ig   Immunoglobulin 

INCAT  Inflammatory Cause and Treatment 

ISC_DT  Sciatic nerve, distal thigh 

LD   Longitudinal diameter 
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MED_CF  Median nerve, cubital fossa 

MED_ MF  Median nerve, mid forearm 

MED_MU  Median nerve, mid upper arm 

MED_WR  Median nerve, wrist 

mMRC  Modified Medical Research Council Score 

mTCNS  Modified Toronto Clinical Neuropathy Score 

MADSAM  Multifocal acquired demyelinating sensory and motor neuropathy 

MHz   Mega Hertz 

mm   Millimeter 

MMN  Multifocal motor neuropathy  

N   Basic population 

n   Number of cases with one specific attribute 

NCS   Nerve conduction studies 

NPSI   Neuropathic Pain Symptom Inventory 

NP   Neuropathy 

NRS   Numeric rating scale 

NSVN  Non-systemic vasculitic neuropathy 

ODSS  Overall Disability Sum Score 

p   Level of significance 

PER_FH  Peroneal nerve, fibular head 

PER_PP  Peroneal nerve, profound peroneal nerve; 

PER_PS  Peroneal nerve, superficial peroneal nerve; 

PIAN   Progressive idiopathic axonal neuropathy  

PNS   Peripheral Nerve Society 

RAD_SG  Radial nerve, spiral groove 

ROC   Receiver operating characteristic 

SD   Standard deviation 

SPI_C5/6/7 Spinal nerve, fifth/sixth/seventh cervical nerve 

SPSS  Statistical Package for the Social Sciences 

SVN   Systemic vasculitic neuropathy 

SUR_IG  Sural nerve, inter gastrocnemius muscle 

TIB_MM  Tibial nerve, medial malleolus 
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TIB_PF  Tibial nerve, popliteal fossa 

ULN_MF  Ulnar nerve, mid forearm 

ULN_MU  Ulnar nerve, mid upper arm 

ULN_US  Ulnar nerve, ulnar sulcus 

ULN_WR  Ulnar nerve, wrist 

  



II List of Figures 

  

II List of Figures  

Figure 1:   Median nerve at wrist of healthy control – cross-section and 

longitudinal section ......................................................................... 4 

Figure 2 : Median nerve of healthy control – cross-section and longitudinal 

section .......................................................................................... 17 

Figure 3: Cross-sectional area (CSA) comparison of male and female 

control subjects ............................................................................. 20 

Figure 4: Longitudinal diameter (LD) comparison of male and female 

control subjects ............................................................................. 21 

Figure 5: Distribution of diagnoses and subgroups of polyneuropathy and 

amyotrophic lateral sclerosis (ALS) ............................................... 23 

Figure 6: Receiver operating curve (ROC) patients with neuropathy vs. 

healthy controls – brachial plexus ................................................. 25 

Figure 7: Cross-sectional area (CSA) comparison of patients with 

neuropathy and control subjects ................................................... 26 

Figure 8: Longitudinal diameter (LD) comparison of patients with 

neuropathy and control subjects ................................................... 27 

Figure 9: Receiver operating characteristic (ROC) of cross-sectional area 

(CSA) measurement at brachial plexus ......................................... 28 

Figure 10: Cross-sectional area (CSA) comparison of patients with axonal 

and demyelinating neuropathies ................................................... 29 

Figure 11: Longitudinal diameter (LD) comparison of patients with axonal 

and demyelinating neuropathies ................................................... 30 

Figure 12: Receiver operating characteristic (ROC)of cross-sectional area 

(CSA) measurement at brachial plexus ......................................... 31 

Figure 13: Cross-sectional area (CSA) comparison of patients with and 

without inflammatory neuropathy .................................................. 32 

Figure 14: Longitudinal diameter (LD) comparison of patients with and 

without inflammatory neuropathy .................................................. 33 

Figure 15: ROC of patients with painful and painless neuropathies – 

brachial plexus .............................................................................. 34 

file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222669
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222669
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222670
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222670
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222671
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222671
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222672
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222672
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222673
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222673
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222674
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222674
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222675
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222675
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222676
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222676
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222677
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222677
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222678
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222678
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222679
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222679
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222680
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222680
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222681
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222681
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222682
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222682
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222683
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222683


II List of Figures 

  

Figure 16: Cross-sectional area (CSA) comparison of patients with and 

with painless neuropathy .............................................................. 35 

Figure 17: Longitudinal diameter (LD) comparison of patients with and with 

painless neuropathy ...................................................................... 36 

Figure 18: Median Nerve of patient with non-systemic vasculitic 

neuropathy (NSVN) – cross-section and longitudinal section ........ 37 

Figure 19: Cross-sectional area (CSA) comparison of control subjects and 

patients with non-systemic vasculitic neuropathy (NSVN) ............. 38 

Figure 20: Longitudinal diameter (LD) comparison of healthy control 

subjects and patients with non-systemic vasculitic neuropathy 

(NSVN) ......................................................................................... 39 

Figure 21: Supraclavicular Brachial plexus; patient with non-systemic 

vasculitic neuropathy (NSVN) ....................................................... 40 

Figure 22: ROC of patients with non-systemic-vasculitic neuropathy 

(NSVN) – brachial plexus.............................................................. 40 

Figure 23: ROC of patients with non-systemic-vasculitic neuropathy 

(NSVN) – median and ulnar nerve ................................................ 41 

Figure 24: ROC of patients with non-systemic-vasculitic neuropathy 

(NSVN) – tibial nerve .................................................................... 42 

Figure 25: Median nerve at cubital fossa of a patient with chronic 

inflammatory demyelinating polyneuropathy (CIDP) – cross-

section and longitudinal section .................................................... 43 

Figure 26: Cross-sectional area (CSA) comparison of healthy control 

subjects and patients with chronic inflammatory demyelinating 

polyneuropathy (CIDP) ................................................................. 44 

Figure 27: Longitudinal diameter (LD) comparison of healthy control 

subjects and chronic inflammatory neuropathy (CIDP) ................. 45 

Figure 28: ROC of patients with chronic inflammatory demyelinating 

polyneuropathy (CIDP)– brachial plexus ....................................... 46 

Figure 29: Supraclavicular Brachial plexus; patient with chronic 

inflammatory demyelinating polyneuropathy (CIDP) – cross-

section .......................................................................................... 46 

file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222684
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222684
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222685
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222685
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222686
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222686
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222687
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222687
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222688
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222688
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222688
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222689
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222689
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222690
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222690
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222691
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222691
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222692
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222692
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222693
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222693
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222693
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222694
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222694
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222694
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222695
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222695
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222696
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222696
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222697
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222697
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222697


II List of Figures 

  

Figure 30: ROC of patients with chronic inflammatory demyelinating 

polyneuropathy (CIDP) -median and ulnar nerve .......................... 47 

Figure 31: ROC of patients with chronic inflammatory demyelinating 

polyneuropathy (CIDP) -tibial nerve .............................................. 48 

Figure 32: Supraclavicular Brachial plexus; patient with multifocal acquired 

demyelinating and sensory neuropathy (MDASAM)– cross-

section .......................................................................................... 49 

Figure 33: Cross-sectional area (CSA) comparison of healthy control 

subjects and multifocal acquired demyelinating sensory and 

motor neuropathy (MADSAM) ....................................................... 50 

Figure 34: Longitudinal diameter (LD) comparison of healthy control 

subjects and patients with multifocal acquired demyelinating 

sensory and motor neuropathy (MADSAM) .................................. 51 

Figure 35: Supraclavicular brachial plexus; patient with multifocal acquired 

demyelinating sensory and motor neuropathy (MADSAM) ............ 52 

Figure 36: ROC of patients with multifocal acquired demyelinating sensory 

and motor neuropathy (MADSAM) -tibial nerve ............................. 52 

Figure 37: ROC of patients with multifocal acquired demyelinating sensory 

and motor neuropathy (MADSAM) -median and ulnar nerve ......... 53 

Figure 38: ROC of patients with multifocal acquired demyelinating sensory 

and motor neuropathy (MADSAM) – tibial nerve ........................... 54 

Figure 39 Radial nerve of patient with multifocal motor neuropathy (MMN) ..... 55 

Figure 40: Radial nerve of second patient with multifocal motor neuropathy 

(MMN) .......................................................................................... 55 

Figure 41: Cross-sectional area (CSA) comparison of healthy control 

subjects and multifocal motor neuropathy (MMN) ......................... 56 

Figure 42: Longitudinal diameter (LD) comparison of healthy control 

subjects and patients with multifocal motor neuropathy (MMN) .... 57 

Figure 43 Supraclavicular brachial plexus; patient with multifocal motor 

neuropathy (MMN) ........................................................................ 58 

Figure 44: ROC of patients with multifocal motor neuropathy (MMN) - 

brachial plexus .............................................................................. 58 

file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222698
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222698
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222699
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222699
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222700
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222700
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222700
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222701
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222701
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222701
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222702
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222702
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222702
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222703
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222703
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222704
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222704
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222705
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222705
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222706
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222706
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222707
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222708
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222708
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222709
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222709
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222710
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222710
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222711
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222711
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222712
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222712


II List of Figures 

  

Figure 45: ROC of patients with multifocal motor neuropathy (MMN) – 

median and ulnar nerve ................................................................ 59 

Figure 46: ROC of patients with multifocal motor neuropathy (MMN) – 

tibial nerve .................................................................................... 60 

Figure 47: Peroneal nerve of patient with amyotrophic lateral sclerosis 

(ALS) ............................................................................................ 61 

Figure 48: Cross-sectional area (CSA) comparison of healthy control 

subjects and amyotrophic lateral sclerosis (ALS) .......................... 62 

Figure 49: Longitudinal diameter (LD) comparison of healthy control 

subjects and amyotrophic lateral sclerosis (ALS) .......................... 63 

Figure 50: ROC of patients with amyotrophic lateral sclerosis (ALS)– 

brachial plexus .............................................................................. 64 

Figure 51: Supraclavicular brachial plexus; patient with amyotrophic lateral 

sclerosis (ALS) ............................................................................. 64 

Figure 52: ROC of patients with amyotrophic lateral sclerosis (ALS)– 

median and ulnar nerve ................................................................ 65 

Figure 53: ROC of patients with amyotrophic lateral sclerosis (ALS)– tibial 

nerve ............................................................................................ 66 

Figure 54: Cross-sectional area (CSA) comparison of patients with and 

without signs of inflammation in nerve biopsy ............................... 68 

Figure 55: Longitudinal (LD) comparison of patients with and without signs 

of inflammation in nerve biopsy..................................................... 69 

Figure 56: Cross-sectional area (CSA) comparison of patients with signs 

of demyelination in nerve biopsy ................................................... 70 

Figure 57: Longitudinal diameter (LD) comparison of patients with signs of 

demyelination in nerve biopsy ....................................................... 71 

Figure 58: Cross-sectional area (CSA) comparison of patients with edema 

in nerve biopsy ............................................................................. 72 

Figure 59: Longitudinal diameter (LD) comparison of patients with edema 

in nerve biopsy ............................................................................. 73 

 

  

file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222713
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222713
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222714
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222714
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222715
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222715
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222716
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222716
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222717
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222717
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222718
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222718
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222719
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222719
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222720
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222720
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222721
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222721
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222722
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222722
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222723
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222723
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222724
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222724
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222725
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222725
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222726
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222726
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222727
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222727


III List of Tables 

  

III List of Tables 

Table 1: Correlation of cross-sectional area (CSA) and longitudinal 

diameter (LD) with height, weight, and body-mass-index (BMI) .... 19 

Table 2: Normative values for cross-sectional area (CSA) and longitudinal 

diameter (LD) of upper and lower extremities ............................... 22 

Table 3: A) Results of neuropathy scores B) Results of questionnaires 

stratified for axonal and demyelinating neuropathies. ................... 24 

Table 4: High-resolution nerve ultrasound (HRUS) measurement at sites 

of conduction block (CB) ............................................................... 74 

 

file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222728
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222728
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222729
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222729
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222730
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222730
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222731
file:///E:/Dissertation_Neurologie/Schreibprozess/dissertation_PhilippKöberle_1220_finalround.docx%23_Toc60222731


IV Danksagung 

  

IV Danksagung 

Mein besonderer Dank gilt folgenden Personen:  

 

▪ Frau Univ. Prof. Dr. Nurcan Üçeyler für die Möglichkeit zur Promotion in 

ihrer Arbeitsgruppe, die Vergabe des Dissertationsthemas, die 

kontinuierliche und gewissenhafte Ausbildung, das Mentoring, die 

Supervision und Korrektur dieser Dissertation.  

▪ Frau Univ.-Prof. Dr. Claudia Sommer für die gewissenhafte und 

vertrauensvolle Unterstützung in allen Phasen des Promotionsprozesses. 

▪ Herrn Univ. Prof. Dr. Frank Puppe und Herrn Christian Reul (Lehrstuhl für 

Informatik IV der Universität Würzburg) für die gute Zusammenarbeit bei 

der Erstellung einer Software zum Bildtransfer im Rahmen dieser Studie.  

▪ Meiner Kollegin Frau Anna Hirschmann für die gute Zusammenarbeit bei 

der Rekrutierung der Patienten dieser Studie. 

▪ Allen Mitgliedern der Arbeitsgruppen Sommer und Üçeyler für die 

Unterstützung und Lösungsfindung zu allen denkbaren Fragen im 

Rahmen eines sehr guten Arbeitsumfeldes. 

▪ Meiner Familie und meinen Freunden für die Unterstützung und 

Begleitung während des Promotionsprozesses.  

  



V Curriculum vitae 

  

V Curriculum vitae 

Philipp Andreas Köberle 

Address:  Universitätsklinikum Würzburg, Neurologische Klinik und Poliklinik 

  Josef-Schneider-Str.11, 97080 Würzburg 

_____________________________________________________________________ 

birth:   March 6th, 1990 in Crailsheim  

denomination:  Roman Catholic 

marital status:  unmarried 

Academic education 

1997-2001 Eichendorffschule Crailsheim    (elementary school) 

2001-2010  Albert-Schweitzer-Gymnasium Crailsheim  (secondary school) 

Civilian Service 

2010 – 2011  German Red Cross; Crailsheim – emergency medical service  

Academic studies 

2011 – 2017  Julius-Maximilians-Universität; Würzburg – human medicine 

2013    First section of medical examination 

2014    Sapienza Università di Roma – study detention 

2014 to date Scientific work about “High-resolution ultrasound for the 

identification of pathological patterns in patients with 

polyneuropathies and amyotrophic lateral sclerosis” 

- Scientific working group Prof. Üçeyler 

2016   Second section of medical examination 

2016 – 2017  Medical practical year - Universitätsklinikum Würzburg  

2017   Third section of medical examination 

2018   Approbation as physician  

Work activities 

2014 – 2015 University of Würzburg - computer science 

2014 – 2016  University of Würzburg - anaesthesiology; emergency medicine 

2018 to date   Resident physician  - Universitätsklinikum Würzburg 

Languages English – fluently;  Spanish and Italian – elementary knowledge 
 
Würzburg, December 30th, 2020 

      signed, Philipp Andreas Köberle  



V Lebenslauf 

  

V Lebenslauf 

Philipp Andreas Köberle  

Anschrift:  Universitätsklinikum Würzburg, Neurologische Klinik und Poliklinik 

  Josef-Schneider-Str.11, 97080 Würzburg 

_____________________________________________________________________ 

geboren:   06.03.1990 in Crailsheim 

Konfession:  römisch-katholisch 

Familienstand:  ledig 

Schulische Ausbildung 

1997-2001 Eichendorffschule Crailsheim (Grundschule) 

2001-2010  Albert-Schweitzer-Gymnasium Crailsheim 

Zivildienst 

2010 – 2011  Deutsches Rotes Kreuz Crailsheim – Rettungsdienst  

Studium  

2011 – 2017  Julius-Maximilians-Universität Würzburg; Humanmedizin 

2013   Erster Abschnitt der Ärztlichen Prüfung 

2014   Sapienza Università di Roma – Studienaufenthalt  

2014 – heute Wissenschaftliche Arbeit zu „Hochauflösender Ultraschall zur 

Identifizierung von pathologischen Mustern bei Patienten mit 

Polyneuropathien und amyotropher Lateralsklerose“  

- wissenschaftlich Arbeitsgruppe Prof. Üçeyler  

2016  Zweiter Abschnitt der Ärztlichen Prüfung 

2016 – 2017  medizinisch-praktisches Jahr am Universitätsklinikum Würzburg  

2017  Dritter Abschnitt der Ärztlichen Prüfung 

2018  Approbation zum Arzt 

Tätigkeiten 

2014 – 2015  Universität Würzburg – Informatik  

2014 – 2016  Universität Würzburg – Anästhesiologie; Notfallmedizin 

2018 – heute Assistenzarzt Neurologische Universitätsklinik Würzburg 

Sprachen Englisch – fließend; Spanisch und Italienisch – Grundkenntnisse  

Würzburg, 30.12.2020 

gez. Philipp Andreas Köberle  



VIPublication & Congress participation 

  

VI Publication & Congress participation 

Publication 

Reul, C., P. Koberle, N. Uceyler and F. Puppe (2016). "Expectation-Driven Text 
Extraction from Medical Ultrasound Images." Stud Health Technol 
Inform 228: 712-716. 

Congress participation 

Koeberle, P., A. Hirschmann, C. Reul, F. Puppe, C. Sommer, and N. Üçeyler 
(2018). "Hochauflösender Nervenultraschall bei Patienten mit 
histologisch gesicherter nicht-systemischer vaskulitischer 
Neuropathie“. DGN (Deutsche Gesellschaft für Neurologie) Congress, 
Berlin. Poster presentation.  


