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ABSTRACT 
 

AIM: To assess the clinical utility of repeater F-waves (Freps) analysis in 

amyotrophic lateral sclerosis (ALS), demyelinating polyneuropathies (PN-D) 

and axonal polyneuropathies (PN-A), using an automated computerized 

system (F Wave Analyzer). 

METHODS: Forty consecutive F-waves were recorded from the ulnar and 

peroneal nerve in 52 patients with ALS and 52 healthy control subjects. Ulnar 

F-wave responses were studied in 25 PN-D and 21 PN-A patients and matched 

controls. Data were imported into the F Wave Analyzer which identifies Freps 

and groups them. Parameters of Freps and non repeater F-waves (Fnonreps) 

were compared. 

RESULTS: Total number of repeating neurons, Freps persistence 

(100xFreps/40stimuli) and Index Total Freps (100xFreps/total number of F-

waves) were significantly higher in all patient groups compared to control 

groups (P ≤ 0.005). Freps latencies were well within the limits of Fnonreps 

latencies in all study groups, with the exception of prolonged Freps maximum 

latencies in ALS. There were no consistent differences in F-wave amplitude 

and area measurements between Freps and Fnonreps, for all study groups.  

CONCLUSION: None of the measurements are pathognomonic for a particular 

process. Mechanisms of Freps production possibly differ in neuronopathies 

and neuropathies. Overall, automatic analysis facilitates accurate and fast 

detection of Freps and could be useful in clinical settings. 

SIGNIFICANCE: Analysis of repeater F-waves is expected to provide new 

insight regarding the pathophysiology of nerve disease and be utilized for 

monitoring in clinical drug trials. 

KEYWORDS: Repeaters F-waves, Amyotrophic lateral sclerosis, Demyelinating 

polyneuropathies, Axonal polyneuropathies, Automatic F wave Analyzer 
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ΠΕΡΙΛΗΨΗ 
 

ΣΚΟΠΟΣ: Διερεύνηση της κλινικής χρησιμότητας των επαναλαμβανόμενων F-

κυμάτων ή repeater F-waves (Freps) σε πλαγία μυατροφική σκλήρυνση (ALS), 

απομυελινωτικές πολυνευροπάθειες (PN-D) και αξονικές πολυνευροπάθειες 

(PN-A), με τη χρήση ενός συστήματος αυτοματοποιημένης ανάλυσης 

ηλεκτρονικού υπολογιστή (F Wave Analyzer) 

ΜΕΘΟΔΟΣ: Σαράντα συνεχόμενα F κύματα καταγράφηκαν από το ωλένιο και 

περονιαίο νεύρο 52 ασθενών με ALS και 52 υγιών μαρτύρων. F κύματα του 

ωλενίου νεύρου μελετήθηκαν σε 25 PN-D και 21 PN-A ασθενείς και όμοιους 

μάρτυρες. Τα δεδομένα εισήχθησαν στο F Wave Analyzer, που αναγνωρίζει 

και ομαδοποιεί τους Freps. Οι παράμετροι των Freps και των μη 

επαναλαμβανόμενων F κυμάτων ή non repeater F-waves (Fnonreps) 

συγκρίθηκαν. 

ΑΠΟΤΕΛΕΣΜΑΤΑ: Ο συνολικός αριθμός των επαναλαμβανόμενων νευρώνων 

(repeated neurons), η συχνότητα των Freps (100xFreps/40 ερεθίσματα) και ο 

Δείκτης Συνόλου Freps (100xFreps/συνολικό αριθμό των F-κυμάτων) ήταν 

σημαντικά υψηλότερος σε όλες τις ομάδες ασθενών σε σύγκριση με τους 

υγιείς μάρτυρες (P ≤ 0.005). Οι λανθάνοντες χρόνοι των Freps ήταν εντός του 

φάσματος των λανθανόντων χρόνων των Fnonreps σε όλες τις υπό μελέτη 

ομάδες, με εξαίρεση τους μέγιστους λανθάνοντες χρόνους στην ομάδα ALS 

που ήταν παρατεταμένοι. Δεν υπήρχαν σταθερές διαφορές σε παραμέτρους 

του ύψους και εμβαδού μεταξύ Freps και Fnonreps, σε όλες τις ομάδες. 

ΣΥΜΠΕΡΑΣΜΑ: Καμία παράμετρος δεν είναι παθογνωμική για συγκεκριμένη 

διεργασία. Οι μηχανισμοί παραγωγής των ‘repeater’ F-κυμάτων πιθανώς 

διαφέρουν σε νευρωνοπάθειες και νευροπάθειες. Συνολικά, η 

αυτοματοποιημένη ανάλυση βοηθά στον ακριβή και γρήγορο εντοπισμό των  

Freps και μπορεί να είναι χρήσιμη στην κλινική πράξη. 
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ΣΗΜΑΣΙΑ: Η ανάλυση των ‘repeater’ F-κυμάτων μπορεί να προσφέρει 

γνώσεις σχετικά με την παθοφυσιολογία των παθήσεων των νεύρων και να 

χρησιμοποιηθεί στην παρακολούθηση ασθενών σε κλινικές δοκιμές 

φαρμάκων.  

ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: ‘Repeater’ F-κύματα, πλαγία μυατροφική σκλήρυνση, 

απομυελινωτικές πολυνευροπάθειες, αξονικές πολυνευροπάθειες, 

αυτοματοποιημένο σύστημα F Wave Analyzer 
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SECTION I 

  

INTRODUCTION 
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LITERATURE REVIEW 
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                                             CHAPTER 1 

                                         INTRODUCTION 

 

1.1 F-WAVES  

 

F-waves were originally described by McDougal and Magladery in 1950 

and so named after the intrinsic foot muscles from where they were initially 

recorded. They are highly variable, low-amplitude potentials recorded from a 

muscle belly following stimulation of the peripheral nerve that innervates 

that muscle. The electrical impulse must travel away from the recording 

electrodes towards the spinal cord before it returns to activate distal muscles 

(Picture 1.1).  

The elicited F-wave could theoretically result from a reflex (Hagbarth, 

1960; Liberson et al., 1966) or from recurrent activation of motor neurons 

(Mayer and Feldman, 1967) or from both (Kimura, 2013). Most investigators 

now believe it originates from recurrent discharge of antidromically activated 

motor neurons because of its presence in deafferented limbs (McLeod and 

Wray, 1966; Fox, 1982) and after transverse myelotomy (Miglietta, 1973), 

which indicates that it depends on backfiring of motor neurons. The 

antidromic origin has also been confirmed by studies using single fiber 

electromyography (SFEMG), which shows that prior activation of the motor 

axon is required for F-wave occurrence (Trontelj, 1973a, 1973b). 
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Picture 1.1  Generation and recording of an F-wave. 
A. The electrical activity following supramaximal stimulation moves orthodromically (solid 
arrows) and results in a direct motor response, the compound muscle action potential (CMAP) or 
M response. The CMAP represents the summation of all motor unit action potentials in the 
investigated muscle. Electrical activity propagating proximally (dotted arrows) activates a small 
number of motor neurons which can then generate another wave, the F-wave.  
B. The F-waves are late, low-amplitude potentials that follow the direct motor potential, or M 
response, and vary in shape and size after each successful stimulus. 

  

A 

 

B 
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Physiology of the F-waves 

 

Electrical stimulation of peripheral nerves activates nerve fibers both 

orthodromically and antidromically. However, recurrent discharges that lead 

to F-wave generation after each stimulus occur in only a small proportion of 

motor neurons (MN) within a particular motor neuron pool (Doherty et al., 

1994; Thomas et al., 2002). 

  

The production of an F-wave by a given MN depends mainly on the 

membrane properties of the axon initial segment. An F-wave can only be 

generated when the following events occur: 

1. Effective depolarization of the unmyelinated initial segment (IS) of the 

axon hillock, that leads to initiation of the action potential (IS spike). The 

action potential is then propagated to the soma and a spike potential of the 

somato-dendritic membrane (SD spike) is generated. Impulses are often 

blocked at the axon hillock, due to modulations of membrane potential at this 

location (Picture 1.2).  

 

2. Transmission of the impulse over the SD membrane must sufficiently 

reactivate the initial segment (IS), provided enough time has elapsed for the IS 

to recover from a refractory state as a result of the preceding antidromic 

impulse. The action potential is subsequently regenerated in the IS and 

propagated down the axon to give rise to an F-wave (Picture 1.2). 

The probability of F-wave generation is theoretically increased by 

influences that accelerate the recovery of the IS, delay the depolarization of 

the SD membrane and/or increase the magnitude of the SD spike. If the SD 

membrane is slightly depolarized, as in modest voluntary muscle contraction, 

the probability of a recurrent discharge is enhanced. In contrast, further 
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muscular effort will eliminate the F-wave production due to central drive 

blockage. Furthermore, muscle activation has been shown to increase the 

firing rate of MNs that infrequently discharge with antidromic activation, 

whereas the MNs that frequently fire in the resting state reduced their firing 

rate (Schiller and Stålberg, 1978). 

 

 

Picture 1.2 The pathway of electrical activity along a motor nerve that results in 
an F-wave. The electrical activity is initially antidromic to the motor neuron and 
then orthodromic from the motor neuron. Three anatomical sites are necessary 
for a recurrent discharge to occur: 1. the proximal part of the myelinated axon, 2. 
the axon hillock and 3. the soma-dendritic membrane 

 

 

In central nervous system (CNS) disorders, the firing rates of 

antidromically activated motor neurons are increased compared to normal 

subjects (Schiller and Stålberg, 1978). On the other hand, MNs are partially 

depolarized due to ‘central excitability’, so an action potential will not be 
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regenerated at the IS since it will not be repolarised when the impulse reaches 

it. In fact, F-waves are significantly decreased or absent in acute stages of CNS 

(cerebral and spinal) disorders, possibly due to reduced spinal motor neuron 

excitability (Dory et al, 1993; Fisher et al, 1978); a finding that correlates well 

with the severity of weakness (Mesrati and Vecchierini, 2004).  Later in the 

stage of spasticity, F-waves have higher than normal persistence, prolonged 

latencies and larger amplitude, suggesting discharges of a larger number of 

small, slower-conducting motor units (Schiller and Stålberg, 1978; Fisher, 

1986,1988). Additionally, F-wave amplitudes do not increase following 

voluntary muscle contraction in upper motor neuron syndromes (Milanov, 

1992).  

 

 

Picture 1.3  Influences on motor neurons (MNs). 

MNs receive excitatory and inhibitory influences through segmental and 

suprasegmental inputs 
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3.  Antidromic activation of Renshaw cells through recurrent axon 

collaterals, inhibits MNs with a slight delay.  Therefore, the recurrent 

discharge is limited to a very narrow period, where it has to be propagated 

orthodromically before the inhibition by Renshaw cells and subsequently 

reach the axon hillock after its refractory period (Picture 1.3).  

4.  Furthermore, MNs receive inhibitory and excitatory inputs from 

interneurons and sensory neurons, as well as direct influences from 

neighboring MNs. The resting state of each motor neuron depends upon the 

balance between facilitation and inhibition from both segmental and 

suprasegmental inputs (Picture 1.3).   
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Preferential selection of motorneurons? 

 

 The question of whether F-waves are generated randomly by all MNs or 

by a select subgroup within a motor pool, have been abundantly discussed in 

the literature (Kimura et al., 1984; Fisher, 1985; Guilloff and Modarres-

Sadeghi, 1991; Schiller and Stålberg, 1978; Masreti and Vecchierini, 2004). 

Although the answer to this question remains unclear, discussion of these 

issues promote a better understanding of neurophysiological mechanisms 

involved in F-wave production.  

As mentioned above, a very small number of MNs (approximately 1%) 

within a motor pool give rise to an F-wave (Doherty et al., 1994; Thomas et 

al., 2002) and individual MNs discharge infrequently following antidromic 

stimulation. A single fiber electromyography (SFEMG) study of F responses 

evoked by individual MNs following 200 stimuli showed that only 6% were 

able to generate 5-15 responses and none more than 15 responses; while the 

majority of MNs seldom or never backfired (Schiller and Stålberg, 1978). 

Evidence from clinical studies has shown that both fast and slow 

conducting motor axons are able to elicit F responses. These studies were 

performed using collision techniques (Doherty et al, 1994; Kimura et al, 

1984), SFEMG recordings (Schiller and Stålberg, 1978) and intramuscular 

microstimulation (Dengler et al, 1992).  

Several investigators have suggested an absence of bias of MN discharge 

in F-wave generation and concluded that the probability of F-wave 

generation is similar in the large and small MNs (Doherty et al, 1994; Kimura 

et al, 1984, Schiller and Stålberg, 1978); or almost equal in motor units that 

generate weak and strong twitch forces (Dengler et al, 1992).  

Other authors, however, suggest a selective activation of larger MNs with 

faster conducting motor axons in F-waves (Guiloff and Modarres-Sageghi, 

1991; Fisher MA, 2007). Selective firing of larger MNs could affect the 
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conduction velocities and latencies of the MUs in the F-wave. Therefore 

controversies revolve mainly around whether the range and distribution of 

conduction velocities in the F-wave reflects the range of conduction in motor 

axons. These authors concluded that the range of F-wave conduction 

velocities in individual subjects is less than the range based on pooled data 

from human motor fibers (Doherty et al, 1994). Furthermore, they argued 

that all studies supporting an absence of selection bias have been performed 

at submaximal stimulation, whereas F-waves are routinely recorded following 

supramaximal stimulation. Overall they suggest that anatomic and functional 

properties of the MNs, predispose a fraction of the more excitable MNs to 

backfire.  

Based on the previously mentioned evidence a bias towards preferential 

discharge of larger MNs in F-waves seems favorable. The smaller, lower 

threshold MNs probably encounter blockage at the axon hillock more 

frequently and receive Renshaw inhibition more effectively (Kimura, 2013). 

 Nonetheless, the range of F-wave latencies is not so random as to 

preclude their clinical uses and may adequately represent the characteristics 

of the MN pool. F-wave studies also provide useful information regarding the 

profile of the conduction and other properties of motor nerve fibers of a 

peripheral nerve. In practical terms, the F-wave technique is based on 

measurements of a consecutively recorded population of F-waves 

representing not all but a significant population of fast and slow MNs, which 

enable meaningful comparisons between healthy and diseased nerves to be 

made. 
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F-Wave recordings 

 

F-waves are elicited by supramaximal stimulation of a nerve, at 

theoretically any point of its course. In routine clinical practice F-waves are 

recorded following distal stimulation of the nerve, so as to ensure the evoked 

F-responses have a much longer latency than the M response and are 

therefore clearly separated. With more proximal stimulation, the F-wave may 

be obscured by the M response, due to a combined decrease in M latency 

and increase in F-wave latency. In such cases, collision techniques may be 

employed to eliminate the direct M potential of the proximal stimulation 

(Kimura J, 2013). Most authors perform recordings with the cathode placed 

distal to the anode, however others insist that the stimulating cathode should 

be proximal to the anodal electrode to avoid anodal block (Fisher, 2007). 

Nonetheless,the use of an ordinary stimulator having two poles separated by 

2-3cm with the cathode placed distal to the anode has proven to induce 

effective supramaximal antidromic activation (Daube and Rubin, 2009). 

Therefore, F-wave recordings are routinely performed with the stimulator 

and electrodes placed in the standard locations utilized for motor nerve 

conduction studies. F-waves are usually recorded using surface electrodes 

with the active electrode positioned over the muscle belly and the reference 

at the tendon. Stimulus is supramaximal i.e. approximately 25% above the 

intensity required to elicit the maximal M response. Optimal settings for 

display of F-waves are a gain of 200 or 500 μV/cm and a sweep of 5 or 10 

ms/cm, depending on the nerve length and stimulus location. The higher 

amplification and slower sweep enable display of the M response in the initial 

portion of the tracing. 

Muscle contraction makes F-waves recognition more difficult, 

necessitating relaxation and immobilization of the tested limb. A series of 

consecutive stimuli should induce an adequate number of F-waves for reliable 
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measurements. Recovery curves for F-waves have shown that the rate of 

stimulation should be less than 0.5 Hz, to avoid the effects of an earlier 

stimulus (Mastaglia and Carroll, 1985).  

However, low levels of voluntary muscle contraction or even mental 

imagery without movement can enhance the occurrence and amplitude of F 

waves, but may also contaminate the recordings with H reflex (Hagbarth, 

1962; Upton et al., 1971; Hara et al., 2010). On the other hand, greater 

volitional effort inhibits the generation of F-waves, due to collision of 

voluntary orthodromic impulses with antidromic activity.  

As previously stated, F-waves are traditionally elicited following 

supramaximal stimulation. F-waves are also present at submaximal 

stimulation, but supramaximal intensities enhance their prominence and 

provide a relatively uniform physiological environment. The amplitudes and 

frequency of F responses increase as the stimulus intensity increases. There 

has been interest in eliciting F-waves using low intensity stimulation which 

produces less discomfort to the patient. Studies have indicated no significant 

differences in latencies and durations with submaximal as compared to 

supramaximal stimulation (DiBenedetto et al., 2003; Kong et al., 2006; Fisher 

et al., 2008). However submaximal stimulation does alter all other F-wave 

parameters and requires more stimuli for accurate data.  F responses recorded 

from the abductor pollicis brevis (APB) muscle following submaximal 

stimulation of the median nerve at the wrist had significantly lower 

amplitudes compared to supramaximal stimulation (DiBenedetto et al., 2003). 

Similar results were obtained from the extensor digitorum brevis (EDB) muscle 

after submaximal stimulation of the peroneal nerve at the ankle; the recorded 

F-waves had not only smaller amplitudes but also decreased persistence in a 

series of 60 stimuli (Kong et al., 2006). To date, all available normative values 

for F-wave parameters are based on supramaximal stimulation. Accuracy and 

reproducibility of F parameters following submaximal stimulation have not 
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been established. Therefore, supramaximal stimulation should be used 

routinely for F-wave studies.    

Analysis of F-wave latencies reflects the central latencies or conduction 

time from the stimulation point to and from the spinal cord. Central latency is 

equal to F-M, where F and M represent the minimal latencies of the F and M-

wave. The conduction time from the stimulus site to the spinal cord is equal to 

(F – M– 1)/2, where 1 msec is considered the turnaround time at the motor 

neuron. The F-wave conduction velocity (FCV) in the proximal segment is 

calculated as follows: FCV = (2D) / (F – M– 1), where D represents the 

estimated distance from the stimulus site to the spinal cord.  The FCV over the 

proximal segment is greater than the motor nerve conduction velocity along 

the distal segment, reflecting the proximally faster and distally slower nerve 

conduction (Kimura et al., 1974, Kimura et al., 1975, Kimura and Butzer, 1975). 

Single F-waves are produced by the recurrent discharges of 1 to a few 

individual motor units whose associated action potentials and latencies differ 

from each other. These differences lead to the generation of F-waves that 

vary in shape, amplitude and latencies, from stimulus to stimulus.  

 There is no information available on the central delay or turnaround time 

for anterior horn cells in humans. Studies in animals indicate a delay of 

approximately 1 msec (Renshaw, 1941); while in invertebrates it is appreciably 

longer (Tauc, 1965). The absolute refractory period of the fastest human 

motor fibers is 1 msec or less (Kimura, 1976; Kimura et al., 1978), and during 

this period the impulse cannot propagate distally beyond the initial segment. 

As the antidromic impulse reaches the axon hillock it also activates the 

Renshaw cells, which then inhibit the recurrent discharge with a delay of some 

2 msec. Based on the previous, Kimura (1974) assumed a turnaround time of 1 

msec as the most appropriate.  Consequently, only a very limited number of 

discharges will be able to clear this narrow window, and most will fail to 

generate an F-wave.   
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 An adequate number of stimuli and F-wave recordings are needed for 

accurate and representative measurements. The most commonly used 

measurements are minimum latencies and persistence. Published data 

suggest at least 10 stimuli are sufficient to determine the mean latency and 15 

stimuli for the minimal and maximal latencies (Zappia et al.,1993; Nobrega et 

al., 2004). Based on similar studies many laboratories prefer 20 stimuli or 16-

20 F-responses as routine clinical testing (Fisher et al. 1994; Panayiotopoulos 

and Chroni, 1996; Chroni et al. 1996, Raudino F, 1997). The frequency of F-

wave occurrence following stimulation varies widely and depends on the 

degree of central drive not only at the time of the study (Hara et al., 2010) but 

also immediately before (Okada et al, 2004; Taniguchi et al., 2008). The motor 

neuron pool population also varies in excitability between different nerves. 

Low voluntary contraction or motor imagery may enhance recordings of the 

fastest conducting fibers (Hara et al., 2010). Findings of decreased F-wave 

persistence suggest changes in motor neuron excitability or loss of motor 

axons. 

Analysis of other F-wave parameters, such as amplitude, area, duration 

and variability is less frequently performed, although they could provide 

additional information regarding the ability of individual motor neurons to 

generate F-waves (Panayiotopoulos and Chroni, 1996; Chroni et al. 1996 

Mesrati and Vecchierini, 2004; Fisher, 2008; Chroni et al, 2012). Estimation of 

these parameters also requires an efficient number of stimuli and accurate 

method of analysis.  A series of 20 F-waves is considered appropriate for the 

study of mean F amplitude and F/M amplitude ratios, as well as the frequency 

of repeater F-waves. Accurate measurements of repeater F-wave 

characteristics and indices require more than 20 stimuli, preferentially 40 or 

more. Up to 40 recordings are needed for estimations of chronodispersion, 

although it can be determined with as few as 2 responses.  
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F- wave parameters 

 

i. F-wave latencies (Flat) (msec) 

 

                                                              Picture 1.4  F-wave latency 

 

F-wave latency is equal to the time from the initiation of the electrical 

stimulation to the onset of the F response (Picture 4.) 

Latencies are the most commonly assessed F-wave parameters in routine 

neurophysiological studies. They provide valuable measurements of 

conduction along the entire length of motor fibers, including the proximal 

parts which are not easily accessible to direct electrical stimulation. Among all 

NCS parameters in healthy subjects, F-wave latencies show the highest 

repeatability. Measurements of latencies are significantly correlated to height, 

limb length and age. The speed of conduction is also affected by skin 

temperature. 

Minimum values of F-latencies are the most widely studied and represent 

conduction in the fastest motor fibers.  A series of 10-20 stimuli is thought to 

be sufficient for latency measurements in routine practice. In 

mononeuropathies side-to-side differences are considered sensitive 

measurements, differences up to 1.5msec in the upper limbs and 3msec in the 

lower limbs are considered normal (Puksa L. et al, 2003). Differences in 
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latencies between two nerves in the same limb can also be used in single 

nerve pathology. However, in more diffuse processes height and age 

nomograms should be employed, or latencies converted to conduction 

velocities. 

Maximum F-latencies represent conduction in the slowest motor fibers. 

These measurements are mostly used in calculations of F chronodispersion 

range. 

Mean latencies, are mainly used in clinical studies, since they have been 

shown to be preferable to minimal values (Fischer, 1992). 

 

ii. F persistence (Fper) (%) 

F persistence indicates the percentage of traces with a detectable F-wave in a 

series of stimuli. Values of Fpersistence vary between subjects, nerves and 

muscles; and are higher in antigravity muscles (70-100%) compared to their 

antagonists (30-40%) (Fisher, 2007). Fper provides information about motor 

neuron excitability and the number of motor units in the recording muscle. 

Therefore, F-waves recorded from the extensor digitorum brevis (EDM) 

muscle, which is the only peroneal innervated muscle below the ankle have 

lower persistence values compared to the tibial nerve, which innervates all 

the remainder intrinsic foot muscles. Similarly, persistence of the median 

nerve F-waves are lower compared to the ulnar nerve, which supplies more 

intrinsic hand muscles (Hara et. al, 2010).  

A series of 20 stimuli is probably sufficient for accurate measurements of 

persistence (Fisher et al. 1994; Panayiotopoulos and Chroni, 1996; Chroni et 

al. 1996, Raudino F, 1997). As previously mentioned, activation procedures 

(slight voluntary muscle contraction or motor imagery) can increase F-wave 

recordings. 
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iii. F chronodispersion (FCD) 

FCD is defined as the scatter or dispersion of the relative latencies of 

statistically significant numbers of consecutively recorded F-waves 

(Panayiotopoulos, 1979).  The main advantage of these studies is that they 

evaluate relative conduction properties of individual fast and slow conducting 

fibers of the same nerve (Panagiotopoulos, 1979).  FCD range, calculated as 

the difference between maximum and minimum F latency values (Flat max - 

Flat min), is fast and practical and therefore most commonly used (Fisher, 

1992). Normal values of FCD range are < 6,6msec in the ulnar and median 

nerve and <9.6msec in the tibial nerve. A series of at least 20 stimuli is needed 

for FCD estimations (Chroni and Panagiotopoulos; 1996). FCD range is a 

sensitive method to detect conduction abnormalities, particularly in mild 

neuropathies were CMAP and Flat measurements may not be infected. It has 

also been reported as the most frequent abnormal finding in cervical and 

lumbosacral radiculopathies (Weber, 1998; Gencer et al, 2011; Galamb and 

Minea, 2015) 

 

iv. F tacheodispersion  

F tacheodispersion is defined as the distribution of conduction velocities of 

statistically significant numbers of consecutively recorded F-waves (Chroni 

and Panayiotopoulos, 1993a). These measurements are extremely helpful in 

neuropathies were FCD is normal, i.e. in uniform or preferential involvement 

of classes of motor fibers (Chroni and Panayiotopoulos, 1993a).   

 

 

 



29 
 

v. F amplitude (Famp) (μV) and F/M amplitude ratio (%)  

 

Picture 1.5  F-wave amplitude 

 

F-wave amplitudes and F/M amplitude ratios are rarely evaluated in 

conventional studies. Absolute F peak-to-peak amplitudes are usually below 

700μV (Mayer and Feldman, 1967; Zappia et al, 1993; Mesrati and Vecchierini, 

2004) and F peak-to-peak /M peak-to-baseline amplitudes less than 5% in 

healthy subjects (Fisher, 2012). These parameters are considered measures of 

motorneuron excitability (Peioglou-Harmoussi et al., 1985a; Aiello et al., 

1987). 

Higher than normal F amplitudes and F/M ratios have been reported in 

ALS studies (Argyropoulos et al., 1978; Peioglou-Harmoussi et al., 1985a; 

Chroni et al, 2012) and in patients with spasticity (Eisen and Odusote, 1979) 

and upper motor neuron lesions (Raimondo et al., 1990). Huge F-waves have 

also been described in chronic tetanus and Stiff-person syndrome (Risk et al., 

1981; Nicholas et al., 1997). Therefore, amplitude F/M ratio of 5% or more 

should raise suspicion of an upper motor neuron dysfunction (Eisen and 

Odusote, 1979). An increase in mean F/M ratios are also found in axonal 

neuropathies (Petajan, 1987) and carpal tunnel syndrome (Ginanneschi et al., 

2017). 
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vi. F-wave duration  

 

Is the time measured from the initial onset of the F waveform to its final 

return to baseline (Picture 6)  

 

Picture 1.6  F-wave duration 

 

 A relatively small number of existing studies in the broader literature 

have examined F-wave durations in pathological conditions. Increase in 

duration may be an early sign in diabetic polyneuropathy (Toyokura, 1998).  

Kiers et al. (1994) reported an increase in F-waves durations in patients with 

chronic inflammatory demyelinating polyneuropathy (CIDP), in contrast to the 

Guillain-Barre Syndrome (GBS) study group where durations were normal or 

decreased. Prolonged F-wave durations have also been reported in 

lumbosacral radiculopathies (Toyokura, 1997;  Murakami, 1997; Gencer et al, 

2011).  Finally, F-wave durations were shown to be significantly longer in 

patients with spasticity compared to healthy (Bischoff et al., 1992), but not in 

patients with hemiplegic stroke survivors (Fierro et al., 1990).  

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Toyokura%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9063658
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murakami%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9063658
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murakami%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9063658
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vii. F-wave area  (Farea) 

 

Values of F-wave area usually refer to total area of the F-wave i.e the sum of 

the negative-phase area (area above the baseline) and the positive-phase area 

(area below the baseline) (Picture 7).  

 

 

Picture 1.7  F-wave area 

 

 

Measurements of F amplitudes and areas correlate positively with each 

other and with CMAP measurements in healthy subjects (Lin & Floeter, 2014). 

However, studies on F-area in pathological conditions are very limited.  

Toyokura & Ishida (1999) reported higher F/M area ratios in patients with 

diabetic polyneuropathy compared to healthy. A study by Drovy et al (1993) in 

patients with hemiparesis due to hemispheric strokes, found a decrease in F 

areas on the paretic side compared to the healthy in the acute stages; and an 

increase in subsequent follow up studies several months later. In both 

previously mentioned studies changes in F-area and F/M area corresponded 

well to F amplitude changes and were not proven to be significantly superior.  

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Lin%20JZ%5BAuthor%5D&cauthor=true&cauthor_uid=15318339
https://www.ncbi.nlm.nih.gov/pubmed/?term=Floeter%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=15318339
https://www.ncbi.nlm.nih.gov/pubmed/?term=Toyokura%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10207678
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ishida%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10207678
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Clinical applications of the F wave 
 

F-waves travel over the entire length of a nerve and have proved to be a 

sensitive predictor of diffuse or multifocal polyneuropathies. Evaluation of a 

longer nerve segment using F-wave measurements can better detect 

conduction delays in diffuse or multisegmental processes, due to summation 

of conduction delay and accumulation of all the segmental abnormalities 

along the length of the affected nerve, compared to short segment studies. 

(Kimura, 2013). F-wave studies are particularly useful for evaluating 

conduction problems in the proximal region of nerves (Wang FC et al 2011); 

and for comparisons of conduction in the proximal versus distal nerve 

segments. Conventional motor and sensory conduction studies cannot easily 

assess proximal nerve segments and spinal roots, due to their deep location 

(Evans et al., 1988). These features make the F-waves extremely helpful in 

distinguishing the different types of polyneuropathies and detecting 

neuropathic disorders associated with proximal conduction abnormalities 

(Kimura et al., 1974; Lachman et al., 1980; Fisher, 2002; Fisher and Rose, 

2005; Puksa et al., 2011; Pan et al., 2013; Jerath et al., 2016).  

F-wave studies are equally or more sensitive than motor and sensory 

conduction studies in the diagnosis of polyneuropathies (Lachman et al., 1980; 

Fraser and Olney, 1992; Kiers et al., 1994; Jerath et al., 2015). In fact, they are 

clearly the most sensitive diagnostic tool in acquired demyelinating 

polyneuropathies, especially acute inflammatory demyelinating 

polyneuropathy (AIDP), the most common form of Guillain-Barré syndrome 

(GBS) (Kimura J& Butzer, 1975; Albers et al. 1985; Cornblath et al., 1988; 

Kuwabara et al.,2000; Rajabally et al.,2015). F waves have also been indicated 

as an important prognostic factor in children with GBS (Lee et al., 2016).   F-

waves in both hereditary motor sensory demyelinating neuropathies and 

acquired chronic inflammatory demyelinating polyneuropathies, if present, 

have markedly prolonged latencies. However, in familial demyelinating 
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neuropathy conduction slowing is diffuse, uniform and symmetrical, a finding 

very helpful in differentiating it from acquired forms (Panagiotopoulos, 1978).  

In early diabetic polyneuropathy, symptomatic or asymptomatic, minimal 

F-wave latency abnormalities may be the first and only finding revealing a 

neuropathy in patients with otherwise normal nerve conduction studies. 

(Panagiotopoulos and Chroni, 1996; Andersen et al., 1997; Pan et al, 2014; 

Kimura J, 2006).  Other clinical applications of F-wave studies include 

detection of abnormalities in uremic neuropathies (Ackil et al., 1981), 

alcoholic and toxic neuropathies, as well as axonal neuropathies of other or 

unknown cause (Jerath NU, 2015). In uremic polyneuropathy, F latencies are 

prolonged and F-chronodispersion is more oftenly increased compared to 

other axonal polyneuropathies, a finding attributed to secondary segmental 

demyelination (Panayiotopoulos and Chroni, 1996).  

The most common F-wave abnormalities in ALS are low persistence, 

increased latencies, increase F/M ratios and F amplitude and presence of 

‘giant’ F-waves, increase in F chronodispersion and increases frequency of 

repeater F-waves (Fisher MA., 1986; Chroni et al., 2012; Fang et al., 2015). F-

waves can also be helpful in differentiating between multifocal motor 

neuropathy (MMN) and ALS, when conventional nerve conduction studies fail 

to detect proximal conduction block. Findings of prolonged F-waves support a 

demyelinating process, while absent Fwaves are suggestive of conduction 

block (Nobile-Orazio E et al, 2005). In Hirayama disease, incidence of repeater 

F-waves was significantly increased during neck flexion, unlike ALS patients 

and normal controls (Zheng et al., 2016). A study analyzing F-wave amplitudes 

in Kennedy's disease, showed a significantly higher appearance of giant F-

waves compared to ALS and healthy subjects (Fang et al., 2016).  

 

Reappearance of F-waves following a conus medullaris infarct can be 

considered a good prognostic sign for the return of ambulation (Alanazy, 
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2016). Motor imagery enhances F-waves after sustained muscle relaxation in 

healthy subjects and hemiparetic stroke survivors; a finding that suggests 

motor imagery could help restore motor neuron excitability (Taniguchi et al., 

2008; Hara et al., 2010; Fujisawa et al., 2011; Naseri et al., 2015).  

F-waves have limited value in the evaluation of focal compression and 

entrapment mononeuropathies. In detecting a lesion affecting only one nerve, 

latency differences between the two sides and between two nerves in the 

same limb are the best measures. Nonetheless, studies have shown an 

increased frequency of repeater F-waves in carpal tunnel syndrome (CTS) and 

ulnar compression mononeuropathy (Macleod, 1987; Chroni et al. 2012). 

Despite the relatively extensive research on F-waves in radiculopathies 

substantial amount of controversy still exists about their utility in suspected 

cases. These arguments are mainly based on the focal nature of 

radiculopathies.  Because the injury may not involve all of the motor axons in 

a particular nerve root, conduction in the remaining normal roots could 

obscure any conduction delay (Tuck et al., 1982; Kimura, 2013). Additionally 

they argue that F-waves cannot be used because the recording muscles may 

have multiple root innervations (Aminoff et al., 1985). Nevertheless, several 

studies indicate that F-waves can be abnormal in L5/S1 radiculopathies and 

may have sensitivity comparable to that of needle EMG (Berger et al., 1999). 

The F-wave characteristics evaluated in these studies included minimum and 

mean F-wave latencies, F chronodispersion and mean F-wave duration 

(Toyokura et al., 1997). Improvement in F-wave parameters correlated 

significantly with recovery in muscle strength following surgery (Toyokura et 

al., 1996). Current data supports the usefulness of F-waves in the evaluation 

of radiculopathies, regarding multiple F-wave parameters are analyzed, not 

only minimum F latencies. However they cannot be used as the sole evidence 

of a radiculopathy (Albeck et al., 2000), since F-wave abnormalities may result 

from injury along the entire length of a nerve.  
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In thoracic outlet syndrome (TOS), F-wave latencies were reported to be 

consistently increased in the symptomatic compared to asymptomatic upper 

limbs. Following surgery these measurements decreased, suggesting recovery 

of a local conduction block in the proximal part of the nerve (Wulff CH, Gilliatt 

RW, 1979). Moreover, in patients with a strong clinical suspicion but normal 

conduction studies, provocative maneuvers lead to subtle electrodiagnostic 

abnormalities that support a diagnosis of TOS (Cuevas-Trisan & Cruz-Jimenez, 

2003). Likewise, a walking stress test in patients with lumbar spinal stenosis 

and neurogenic claudication significantly increased F-wave latencies (Bal et al., 

2006).  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cuevas-Trisan%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=12960913
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cruz-Jimenez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12960913
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Repeater F-waves 

 

Another F-wave characteristic which may be helpful in the evaluation of 

certain conditions is F-wave similarity. Normally, in a series of 20-40 

consecutive stimuli, the elicited F-waves vary in latency and mainly in 

configuration. This inherent variability is explained by the estimated minimal 

possibility of each neuron within the population to backfire effectively after a 

single stimulus in order to generate an F response (Schiller and Stålberg, 

1978).  

Repeater F-waves (Freps) are F-waves identical in shape, latency and 

amplitude. A recording of F-waves may have more than one repeater F-wave 

and each may have 2 or more repetitions. Freps studies are not commonly 

performed in routine practice, mainly because Freps are difficult to identify 

and it is a time-consuming procedure. Additionaly accurate estimations of 

Freps occurrence may require more than 40 recording (Fisher MA, 2002). 

Freps have been reported in healthy subjects and numerous pathological 

conditions. In healthy subjects, Freps appearance was found to be relatively 

rare in hand muscles with a frequency of 10% or less for an individual F-wave 

(Yates & Brown, 1985; Peioglou et al., 1987), although this percentage may be 

higher (McLeod, 1987). They were shown to have a high frequency in EDB 

muscles of normal subjects, reaching up to 58% (mean 21, 5%). 

An increased presence of Freps in ALS has been documented in various 

studies (Petajan, 1985; Peioglou et al., 1985; Chroni et al., 2012; Hachisuka et 

al., 2015; Fang et al, 2016; Wang et al., 2019, Oguz Akarsu et al., 2019). Higher 

than normal frequencies have also been described in other neuronopathies, 

including juvenile spinal muscular atrophy or Hirayama disease (Zheng et al., 

2016) and post polio syndrome (Hachisuka et al., 2015). 
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Similar findings of enhanced presence of repeater F-waves has also been 

shown in mononeuropathies i.e. carpal tunnel syndrome and ulnar 

mononeuropathy (Macleod, 1987; Chroni et al., 2012), in radiculopathies 

(Pastore-Olmedo et al., 2009), as well as polyneuropathies such as diabetic 

polyneuropathy (Hasagawa, 2001; Chroni et al 2012) and Guillain Barre 

Syndrome (Geijo-Barrientos et al., 2012) (figure 1.1). 

Finally, a significantly increased amount of Freps has been reported in 

pure upper motor neuron (UMN) syndromes such as cervical myelopathy and 

multiple sclerosis (Peioglou et al., 1985; Veltsista & Chroni, 2019). 

 

 

 

Figure 1.1  F-wave recordings following 40 consecutive stimuli in the left peroneal nerve of a 

43 y.o female patient with MRI confirmed L5 radiculopathy (upper figure) and in the ulnar 

nerve of a 33 y.o male patient with ulnar mononeuropathy (lower figure). 
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1.2 NEURONOPATHIES AND NEUROPATHIES 
 

 In the present study three patient groups were defined. The 

neuronopathy group consisted of patients diagnosed with Amyotrophic 

Lateral Sclerosis (ALS). The neuropathy group was subdivided into 

demyelinating (PN-D) and axonal (PN-A) polyneuropathies, and each group 

was studied separately. Patients in the PN-D group had a diagnosis of an 

acquired acute or chronic immune-mediated polyneuropathy (CIDP and GBS). 

The PN-A group consisted of patients with diabetic, chemotherapy-induced 

and chronic idiopathic polyneuropathy. 

 

Clinical Presentation and Diagnosis 
 

Amyotrophic Lateral Sclerosis 

 

ALS is the most commonly encountered form of motor neuron disease in 

adults. It results in progressive degeneration of upper and lower motor 

neurons. The upper motor neurons (UMN) are located in the motor cortex of 

the brain and the lower motor neurons (LMN) are found in the anterior horn 

of the spinal cord and the cranial nerve nuclei of the brainstem.  

Classic ALS is characterized by painless, asymmetric, progressive limb 

weakness, although there is marked phenotypic heterogeneity between 

patients. Approximately two thirds of ALS patients have a spinal onset form of 

the disease, the remaining 20-30% of patients present with bulbar symptoms 

(Ravits & La Spada, 2009; Swinnen & Robberecht, 2014). The average age of 

disease onset is around 55 years, yet it may occur in adults of any age (Pupillo 

et al., 2014; Mehta et al., 2016). Prognosis is poor with a mean survival period 

of two to three years following onset (Chiò  et al., 2009). 
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A diagnosis of ALS is based on the findings of combined UMN and LMN 

involvement in the same anatomic region (bulbar, cervical, thoracic, 

lumbosacral). A thorough workup, including electrodiagnostic testing, 

laboratory and neuroimaging studies, is helpful to both exclude potentially 

treatable disorders that mimic ALS and support the diagnosis. Signs of LMN 

impairment include weakness, fasciculations and atrophy. UMN involvement 

leads to spasticity, hyperreflexia and pathologic reflexes.  

While UMN findings are primarily assessed clinically, electrodiagnostic 

(EDX) testing is a valuable tool for identification of LMN dysfunction, even 

before clinical manifestations. EDX studies are also essential to exclude other 

treatable diseases, such as multifocal motor neuropathy (MMN). Nerve 

conduction studies (NCS) typically show a pattern of low amplitude compound 

muscle action potentials (CMAPs) with normal sensory nerve action potentials 

(SNAPs). The most common F-wave abnormalities are: reduced frequency, 

increased F amplitudes as well as F/M amplitude ratios, and frequent 

presence of repeater F-waves. Needle electromyography (EMG) demonstrates 

abnormal spontaneous activity, in the form of fibrillation potentials and 

positive sharp waves, indicating diffuse denervation of the muscle. 

Fasciculations are a characteristic finding in ALS, but are considered abnormal 

only in the presence of chronic motor axon loss or denervation. The pattern of 

motor unit recruitment is reduced due to loss of MNs. Reinnervation of 

muscle fibers by collateral sprouting of neighboring surviving MNs, give rise to 

enlarged polyphasic motor unit potentials (MUPs). EMG may detect 

abnormalities in muscles before clinical symptoms and signs are obvious. EMG 

testing should be performed in muscles of multiple myotomes in at least three 

anatomic regions (bulbar, cervical, thoracic, lumbosacral). Affected and distal 

muscles are more likely to show abnormalities (Daube, 2000; Joyce & Carter, 

2013).  
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Identification of a split-hand sign is supportive for ALS diagnosis. The split-

hand sign is an early clinical feature of ALS, in which hand muscle wasting 

preferentially affects the thenar, with relative sparing of the hypothenar hand. 

Likewise, EDX studies show a greater reduction of CMAP amplitudes recorded 

from thenar muscles (abductor pollicis brevis and first dorsal interosseus) 

compared to hypothenar muscles (abductor digiti minimi) and a similar 

pattern of involvement on EMG (Wilbourn, 2000). 

Though several diagnostic criteria for ALS exist, the Revised El Escorial 

diagnostic criteria are currently most widely used in clinical practice (Table 

1.1). However they lack sensitivity in early stages of the disease, thus leading 

to the development of the Awaji electrodiagnostic criteria (de Carvalho et al., 

2008). The Awaji criteria additionally recommend that EMG and clinical 

abnormalities should be taken as equivalent in LMN involvement, and 

fasciculation potentials are considered evidence of acute denervation, 

increasing the diagnostic sensitivity for ALS (Table 1.2).  

According to the revised El Escorial criteria, ‘a diagnosis of ALS requires 1. 

evidence of LMN degeneration by clinical, electrophysiological or 

neuropathologic examination, 2. evidence of UMN degeneration by clinical 

examination, and 3. progressive spread of symptoms or signs within a region 

or to other regions, as determined by history or examination, together with 

the absence of electrophysiological or pathologic evidence of other disease 

processes that may explain the signs of LMN and/or UMN degeneration, and 

neuroimaging evidence of other disease processes that might explain the 

observed clinical and electrophysiologic signs.  

The revised El Escorial criteria recognize the four potential regions, or 

segments, affected by ALS, including the brainstem (or bulbar), cervical, 

thoracic, and lumbosacral. Degrees of diagnostic certainty defined by revised 

El Escorial criteria include clinically definite, clinically probable, clinically 

probable-laboratory-supported, and clinically possible (Table 1.1). Clinically 
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Definite ALS is defined on clinical evidence alone by the presence of UMN, as 

well as LMN signs, in the bulbar region and at least two spinal regions or the 

presence of UMN and LMN signs in three spinal regions. Clinically Probable 

ALS is defined on clinical evidence alone by UMN and LMN signs in at least 

two regions with some UMN signs necessarily rostral to the LMN signs. 

Clinically Probable ALS – Laboratory-supported is defined when clinical signs 

of UMN and LMN dysfunction are in only one region, or when UMN signs 

alone are present in one region, and LMN signs defined by EMG criteria are 

present in at least two regions, with proper application of neuroimaging and 

clinical laboratory protocols to exclude other causes. Clinically Possible ALS is 

defined when clinical signs of UMN and LMN dysfunction are found together 

in only one region or UMN signs are found alone in two or more regions; or 

LMN signs are found rostral to UMN signs and the diagnosis of Clinically 

Probable ALS – Laboratory supported cannot be proven by evidence on clinical 

grounds in conjunction with electrodiagnostic, neurophysiologic, 

neuroimaging or clinical laboratory studies. Other diagnoses must have been 

excluded to accept a diagnosis of Clinically Possible ALS’ (Reproduced from:  

Brooks BR et al., (2000). El Escorial revisited: Revised criteria for the diagnosis 

of amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and Other 

Motor Neuron Disorders, 1:5, 293-299, © 2000 World Federation of 

Neurology on behalf of the Research Group on Motor Neuron Diseases, 

reprinted by permission of Taylor & Francis Ltd, http://www.tandfonline.com 

on behalf of World Federation of Neurology on behalf of the Research Group 

on Motor Neuron Diseases.). 
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Table 1.1  Revised El Escorial critera 19 

Diagnostic Categories (Neuroimaging and clinical laboratory tests exclude other causes) 

Clinically definite Clinical evidence of:  

1. UMN plus LMN signs in the bulbar and 2 spinal regions 

OR 

2. UMN plus LMN signs in 3 spinal regions 

Clinically probable Clinical evidence of:  

 UMN plus LMN signs in at least 2 regions, with UMN signs  

rostral to LMN signs 

Clinically probable-  

Laboratory supported  

Clinical evidence of:  

1. UMN plus LMN signs in 1 region OR  

   UMN signs alone in 1 region   

   AND 

1. 2. LMN by EMG criteria in at least 2 regions 

Clinically possible Clinical evidence of:  

1. UMN plus LMN signs 1 region OR 

2. UMN signs in 2 or more regions OR 

3. LMN signs are rostral to UMN signs 

Electrophysiological features 
(in at least 2 muscles of different spinal root and peripheral 

nerve innervation in two or more regions)
 

Active Denervation Fibrillation potentials or positive waves 

Chronic Denervation Large motor unit potentials (MUPs), reduced interference 

pattern with firing rate greater than 10 HZ, or unstable 

MUPs 

UMN: upper motor neuron, LMN: lower motor neuron, EMG: electromyography. 
 Reproduced from: Brooks BR et al., 2000. El Escorial revisited: Revised criteria for the diagnosis of amyotrophic 
lateral sclerosis. Amyotrophic Lateral Sclerosis and Other Motor Neuron Disorders, 1:5, 293-299, © 2000 World 
Federation of Neurology on behalf of the Research Group on Motor Neuron Diseases, reprinted by permission of 
Taylor & Francis Ltd, http://www.tandfonline.com on behalf of World Federation of Neurology on behalf of the 
Research Group on Motor Neuron Diseases. 
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The Awaji criteria were developed to incorporate electrophysiologic 

abnormalities into the revised El Escorial criteria, proposing that EMG 

abnormalities can demonstrate LMN dysfunction in clinically normal limbs. 

Specifically, the Awaji criteria recommend that neurogenic EMG findings 

should have the same diagnostic significance as clinical neurogenic findings i.e 

fasciculations, muscle weakness and atrophy. Moreover, fasciculation 

potentials in the context of chronic neurogenic changes had equivalent 

significance to fibrillation potentials and positive sharp waves. Fasciculation 

potentials are not specific for ALS and thereby have to be accompanied by 

evidence of instability and complex morphology. Based on the previous, the 

clinically probable-laboratory supported category became unnecessary and 

was eliminated. The consensus panel noted that these electrodiagnostic 

criteria are only valid for patients with clinically suspected ALS (Table 1.2).  

Studies have demonstrated that the sensitivity of the Awaji criteria (57%) 

is higher than the sensitivity of the revised El Escorial criteria (45%), but they 

have equal specificity (99.5%; Geevasinga et al., 2016). Therefore, they allow 

earlier diagnosis and more importantly, earlier entry into clinical trials. Areas 

of improvements include ultrasound detected fasciculations as well as the 

updated Awaji criteria were clinically and electrodiagnostically diagnosed are 

considered equivalent. 
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Table 1.2 Awaji criteria 33 

Diagnostic Categories 

(Neuroimaging and clinical laboratory test
 
s exclude other causes) 

Clinically definite Clinical  or electrophysiological (for LMN only) evidence of:  

1. UMN plus LMN signs in the bulbar and 2 spinal regions 

OR 

2. UMN plus LMN signs in 3 spinal regions 

 

Clinically probable Clinical or electrophysiological (for LMN only) evidence of:  

 UMN plus LMN signs in at least 2 regions, with UMN signs  

rostral to LMN signs 

Clinically possible Clinical or electrophysiological (for LMN only) evidence of:  

1. UMN plus LMN signs 1 region OR 

2. UMN signs in 2 or more regions OR 

3. LMN signs are rostral to UMN signs 

Electrophysiological features 
(in at least 2 muscles of different spinal root and peripheral 

nerve innervations in two or more regions)
 

Active Denervation 

 

Fibrillation potentials or positive waves 

Fasciculation potentials in muscles with chronic 

denervation 

Chronic Denervation Large motor unit potentials (MUPs), reduced interference 

pattern with firing rate greater than 10 HZ, or unstable 

MUPs 

UMN: upper motor neuron, LMN: lower motor neuron, EMG: electromyography 
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Acquired Demyelinating Polyneuropathies 

  

The acquired demyelinating polyneuropathies is a heterogeneous group of 

immune-mediated neuropathies. It includes acute inflammatory 

demyelinating polyradiculoneuropathy (AIDP), which is the most common 

form of Guillain-Barré syndrome (GBS), chronic inflammatory demyelinating 

polyradiculoneuropathy (CIDP), and two CIDP variants : multifocal acquired 

demyelinating sensory and motor neuropathy (MADSAM or Lewis-Sumner 

syndrome) and  multifocal motor neuropathy (MMN). Common features of 

both AIDP and CIDP are symmetrical weakness, areflexia, sensory 

abnormalities, and elevated cerebrospinal fluid (CSF) protein. The main 

difference between these two conditions is time course; in AIDP disease 

severity reaches a nadir within 4 weeks, while patients with CIDP present with 

a progressive or relapsing course of at least 2 months. Unlike CIDP, AIDP 

frequently presents with facial nerve palsy, autonomic disturbances, and 

respiratory failure. MADSAM and MMN are differentiated from CIDP due to 

asymmetrical involvement of multiple nerves with predominant affection of 

the upper limbs. They are distinguished from each other by the presence of 

sensory involvement in MADSAM, and the common findings of fasciculations 

and high titer anti-GM1 serum antibodies in MMN. 

 

There are 4 primary electrodiagnostic findings suggestive of an acquired 

demyelinating neuropathy (Van den Bergh & Piéret, 2004) : 

1. reduction of motor conduction velocity;  

2. motor conduction block (CB) or abnormal temporal dispersion in sites 

not prone to compression;  

3. prolongation of distal motor latency; and 

4. prolongation of F-wave minimal latency or absence of F waves.  
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Several different sets of electrodiagnostic criteria have been proposed for 

AIDP and CIDP. These sets are very similar because they are based on these 

same four basic parameters, but differ in terms of percentage of change from 

normal values and number of abnormal parameters required.  
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Chronic inflammatory Demyelinating Polyneuropathy (CIDP) 

 

CIDP is the most common treatable chronic autoimmune polyneuropathy. 

However it remains a rare heterogenous disease (Mathey et al., 2015) with an 

estimated incidence of 0.7 to 1.6 cases per 100,000 persons per year (Laughlin 

et al. 2009; Rajabally et al, 2009).  An epidemiologic study found the median 

age at diagnosis to be 58 years, median time to diagnosis 10 months and a 

higher frequency in men compared to women (Iijima et al., 2008; Laughlin et 

al. 2009).  

 CIDP classically presents with relatively symmetrical proximal and distal 

weakness and sensory dysfunction. Manifestations of sensory impairment 

include gradual worsening of paresthesia and numbness, loss of joint position 

and vibration and sensory ataxia. Neurologic examination invariably reveals 

hypo- or areflexia. Symptoms typically evolve over at least 2 months in a 

progressive, stepwise or relapsing course, although same cases have an acute 

GBS-like presentation (Ruts et al., 2010). CSF shows albuminocytologic 

dissociation in up to 90% of patients with typical CIDP. A CSF white blood cell 

count exceeding 10/mm3 should raise concern for another diagnosis.  

 Diagnosis of CIDP can be challenging in real-world clinical practice and 

misdiagnosis and over-diagnosis, are common especially in the atypical 

subtype (Allen & Lewis, 2015). At the same time, early diagnosis and 

treatment are crucial, such that irreversible disability can be avoided 

(Bouchard et al., 1999; Köller et al., 2005; Dyck et al., 2018). Nerve conduction 

studies (NCS) are useful in documenting multisegmental demyelination and 

differentiating CIDP from other acquired chronic polyneuropathies. As noted 

above, classic demyelinating abnormalities include slowed motor conduction 

velocity, prolonged distal motor as well as F-wave latencies, temporal 

dispersion of distal CMAPs and motor conduction blocks. Distribution patterns 

of conduction abnormalities correlate well with the degree of muscle 
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weakness (Kuwabara et al., 2004). The diagnostic criteria developed by the 

European Federation of Neurological Societies (EFNS)/ Peripheral Nerve 

Society (PNS) (Table 1.3), have the most favorable balance of sensitivity and 

specificity (Van den Bergh et al., 2010). Unilateral testing of four motor nerves 

yields a sensitivity of 81.3% and specificity of 96.1% for definite or probable 

CIDP (Rajabally et al., 2009). MRI in typical CIDP may shows enlarged or 

enhancing nerve roots or plexus components. Recent studies have 

demonstrated the potential utility of high-resolution ultrasound in CIDP 

diagnosis by measuring abnormal nerve enlargement, both in the brachial 

plexus and proximal nerve segments (Kerasnoudis et al., 2015; Goedee et al., 

2017; 2019). Nerve biopsy is rarely performed during the routine diagnostic 

process but can be helpful for patients challenging cases.  

Testing for paraproteins is recommended in all suspected CIDP, and 

patients found to have a monoclonal gammopathy (MGUS) should undergo 

evaluation for lymphoproliferative disorders. More focused testing for CIDP 

mimics should be considered in select patients. 

CIDP patients have a variable disease course and response to immune- 

modulating treatments.  Most patients experience a complete or partial 

remission, whereas a minority progress despite treatment (Kuwabara et al, 

2006; Ryan & Ryan, 2018). The first-line treatments for CIDP include 

intravenous immunoglobulin (IVIG), corticosteroids and plasma exchange (PE). 

In clinical practice treatment decisions are based on disease severity, 

comorbid disorders, potential adverse effects, availability and cost (Guptill et 

al., 2019). 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Guptill%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=31346365
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Table 1.3    2010 EFNS/PNS Electrodiagnostic criteria for CIDP 200 

1) Definite: at least one of the following 

(a) Motor distal latency prolongation ≥50% above ULN in two nerves (excluding median 

neuropathy at the wrist from carpal tunnel syndrome), or 

(b) Reduction of motor conduction velocity ≥30% below LLN in two nerves, or 

(c) Prolongation of F-wave latency ≥30% above ULN in two nerves (≥50% if amplitude of distal 

negative peak CMAP <80% of LLN values), or 

(d) Absence of F-waves in two nerves if these nerves have distal negative peak CMAP 

amplitudes ≥20% of LLN + ≥1 other demyelinating parameter
a
 in ≥1 other nerve, or 

(e) Partial motor conduction block: ≥50% amplitude reduction of the proximal negative peak 

CMAP relative to distal, if distal negative peak CMAP ≥ 20% of LLN, in two nerves, or in one 

nerve + ≥1 other demyelinating parameter
a
 in ≥1 other nerve, or 

(f) Abnormal temporal dispersion (>30% duration increase between the proximal and distal 

negative peak CMAP) in ≥2 nerves, or 

(g) Distal CMAP duration (interval between onset of the first negative peak and return to 

baseline of the last negative peak) increase in ≥1 nerve (median ≥ 6.6 ms, ulnar ≥ 6.7 ms, 

peroneal ≥ 7.6 ms, tibial ≥ 8.8 ms)
b
 + ≥1 other demyelinating parameter

a
 in ≥1 other nerve 

(2) Probable 

≥30% amplitude reduction of the proximal negative peak CMAP relative to distal, excluding the 

posterior tibial nerve, if distal negative peak CMAP ≥ 20% of LLN, in two nerves, or in one nerve 

+ ≥1 other demyelinating parameter
a
 in ≥1 other nerve 

(3) Possible 

As in (1) but in only one nerve 

To apply these criteria, the median, ulnar (stimulated below the elbow), peroneal (stimulated below the fibular 

head), and tibial nerves on one side are tested. If criteria are not fulfilled, the same nerves are tested at the other 

side, and/or the ulnar and median nerves are stimulated bilaterally at the axilla and at Erbs point. Motor 

conduction block is not considered in the ulnar nerve across the elbow and at least 50% amplitude reduction 

between Erbs point and the wrist is required for probable conduction block. Temperatures should be maintained 

to at least 33°C at the palm and 30°C at the external malleolus (good practice points).                                                                  

CMAP, compound muscle action potential; ULN, upper limit of normal values; LLN, lower limit of normal values.         

 
a
 Any nerve meeting any of the criteria (a–g). 

b
 Isose S. et al., 2009. 

Reproduced with permission from Joint Task Force of the EFNS and the PNS, J Peripher Nerv Syst © 2010 
Peripheral Nerve Society. onlinelibrary.wiley.com/doi/10.1111/j.1529-8027.2010.00290.x/abstract 
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Guillain Barré Syndrome 

 

GBS is an acute polyradiculoneuropathy that usually follows a respiratory 

infection or gastroenteritis by 10 to 14 days. Campylobacter jejuni is the most 

commonly identified antecedent infection and usually associated 

with more severe symptoms (van den Berg, 2014; Willison et al., 2016; 

Esposito & Longo, 2017). Symptoms typically evolve over days, often 

beginning with paraesthesias and weakness in the lower limbs, although 

progression can be rapid resulting in quadriplegia within a few days. 

Approximately 50% of patients reach clinical nadir by 2 weeks and more than 

90% by 4 weeks; and about 80% will become nonambulatory during the 

course of illness.  Pain is a common complaint and usually localized to the 

lower back, buttocks and legs.  Progression beyond 4 weeks is unusual and 

should raise suspicion for other conditions, particularly CIDP (Asbury & 

Cornblath, 1990; Hughes & Cornblath, 2005; van Doorn et al., 2008; Yuki & 

Hartung, 2012). Neurological examination is characterized by distal and 

proximal, relatively symmetric weakness that in rare cases may be localized to 

the legs only (paraparetic form of GBS). Areflexia (or at least hyporeflexia) at 

some time in the course of the illness is required for diagnosis. The sensory 

examination may be normal or show a mild reduction in vibration sense 

and proprioception in the distal limbs (Donofrio, 2017). About 50% of patients 

have cranial nerve palsy, more commonly bilateral facial weakness, 

swallowing difficulties, vocal cord paralysis or extraocular motor dysfunction 

(Ropper, 1992). Approximately 25% of patients develop respiratory 

insufficiency from phrenic nerve disease, requiring artificial ventilation or even 

tracheostomy (Winer at al., 1998; Fokke et al., 2014). Autonomic involvement 

is also common in GBS, more frequently presenting as tachycardia, 

bradycardia, hypertension and hypotension, gastric hypomotility, and urinary 

retention, although its severity is highly variable. Autonomic dysfunction is 

one of the main causes of death in patients with GBS (van Doorn et al., 2008; 
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Samadi et al., 2013). The initial progressive phase is followed by a plateau 

phase ranging from 2 days to 6 months (median duration 7 days) after which 

they start to recover (Fokke et al., 2014). GBS is a monophasic illness, although 

some patients can deteriorate after initial improvement or stabilization with 

immune modulatory treatment, a phenomenon that is referred to as a 

treatment-related fluctuation (TRF) (Kleyweg & van der Meche, 1991). 

Relapses of GBS are rare, occurring in 2-5% of patients (Kuitwaard et al., 2009) 

The two most frequently used sets of diagnostic criteria for GBS were 

established by the National Institute of Neurological Disorders and Stroke 

(NINDS) in 1978 and revised in 1990,  and the Brighton Collaboration in 2011. 

The NINDS criteria are probably more suitable for routine practice as they 

present the clinical characteristics of typical and atypical forms of GBS. On the 

other hand, the Brighton criteria which are also widely used assist the clinician 

in the classification of typical GBS or Miller Fisher syndrome (MFS), according 

to levels of diagnostic certainty. 

 

Table 1 illustrates the recently modified NINDS diagnostic criteria for GBS 

(established by Asbury & Cornblath in 1978 and revised in 1990) that are 

divided into required and supportive features, as well as features that cast 

doubt on the diagnosis (Leonha S et al., 2019). 

 

 

Table 1.4   Modified NINDS Diagnostic Criteria for Guillain Barre Syndrome (GBS) 121 

 

Required features 

Progressive bilateral weakness of arms and legs (initially only legs may be involved)a 

Absent or decreased tendon reflexes in affected limbs(at some point in clinical course)a 
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Features supportive of diagnosis 

Progressive phase lasts from days to 4 weeks(usually <2 weeks) 

Relative symmetry of symptoms and signs 

Relatively mild sensory symptoms and signs (absent in pure motor variant)a 

Muscular or radicular back or limb painb 

Cranial nerve involvement, especially bilateral facial weaknessa 

Recovery beginning 2 to 4 weeks after progression ceases 

Autonomic dysfunction 

Increased protein level in cerebrospinal fluid (CSF); normal protein levels do not rule 

out the diagnosis b 

Electrodiagnostic features of motor or sensorimotor neuropathy (normal 

electrophysiology in the early stages does not rule out the diagnosis)b 

 

Features casting doubt on the diagnosis 

Increased numbers of mononuclear or polymorphonuclear cells inCSF (>50×106/l) 

Marked, persistent asymmetry of weakness 

Bladder or bowel dysfunction at onset or persistent during disease courseb 

Severe respiratory dysfunction with limited limb weakness at onsetb 

Sensory signs with limited weakness at onseta 

Fever at onset 

Nadir <24hb 

Sharp sensory level indicating spinal cord injurya 

Hyper-reflexia or clonusb 

Extensor plantar responsesb 

Abdominal painb 

Slow progression with limited weakness without respiratory involvement 

Continued progression for >4 weeks after start of symptomsb 

Alteration of consciousness(except in Bickerstaff brainstem encephalitis)b 

a.Statements in NINDS criteria that were adapted by authors to improve readability b. Additional features which 
were not included in the NINDS.  Reproduced by: Leonhard, S.E., Mandarakas, M.R., Gondim, F.A.A. et 
al. Diagnosis and management of Guillain–Barré syndrome in ten steps. Nat Rev Neurol 15, 671–683 (2019). 
https://doi.org/10.1038/s41582-019-0250-9 (Open access). 

https://doi.org/10.1038/s41582-019-0250-9
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The Brighton Collaboration diagnostic criteria for GBS were developed for 

epidemiological and vaccine safety monitoring, and thereby probably combine 

high specificity with limited sensitivity.  For GBS and MFS, the collaboration 

identified three levels of diagnostic certainty, from level 1 (strongest) to level 

3 (weakest), to determine the likelihood of the diagnosis. The Brighton criteria 

were not intended to be used for diagnostic purposes in routine clinical 

practice. 

 

Table1.5  Brighton Collaboration Diagnostic Criteria  
                Clinical case definitions: Guillain–Barré syndrome 177 

 

Level 1 of Diagnostic Certainty 

Bilateral AND flaccid weakness of the limbs AND 

Decreased or absent deep tendon reflexes in weak limbs AND 

Monophasic illness pattern AND interval between onset and nadir of weakness 
between 12 hours and 28 days AND subsequent clinical plateau AND 

Electrophysiologic findings consistent with Guillain-Barré syndrome (GBS) AND 

Cytoalbuminologic dissociation (ie, elevation of CSF protein level above laboratory 
normal value and CSF total white blood cell count less than 50 cells/μL) AND 

Absence of an identified alternative diagnosis for weakness 

 

Level 2 of Diagnostic Certainty 

Bilateral AND flaccid weakness of the limbs AND 

Decreased or absent deep tendon reflexes in weak limbs AND 

Monophasic illness pattern AND interval between onset and nadir of weakness 
between 12 hours and 28 days AND subsequent clinical plateau AND 

CSF total white blood cell count less than 50 cells/μL (with or without CSF protein 
elevation above laboratory normal value) OR 

If CSF not collected or results not available, electrophysiologic studies consistent 
with GBS AND 

Absence of identified alternative diagnosis for weakness 
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Level 3 of Diagnostic Certainty 
 

Bilateral AND flaccid weakness of the limbs AND 

Decreased or absent deep tendon reflexes in weak limbs AND 

Monophasic illness pattern AND interval between onset and nadir of weakness 
between 12 hours and 28 days AND subsequent clinical plateau AND 

         Absence of identified alternative diagnosis for weakness 

CSF = cerebrospinal fluid. Reproduced with permission from Sejvar JJ, et al, Vaccine.13 2010 © 2010 Elsevier. 
sciencedirect.com/science/article/pii/S0264410X1000798X 

 

 

 

Several variants of GBS that differ from the classical presentation of acute 

inflammatory demyelinating polyneuropathy (AIDP), which is the most 

common form of the disease, have been identified. These variants include 

acute motor axonal neuropathy (AMAN), acute motor-sensory axonal 

neuropathy (AMSAN), MFS, a paraplegic form of GBS, and a pharyngeal-

cervical-brachial (PCB) variant. Other less well defined and uncommon forms 

are acute autonomic neuropathy and acute pure sensory GBS that follow virus 

infection (Uncini & Yuki, 2012). AMAN is a pure motor neuropathy without 

sensory symptoms that usually affects children. AMAN is the most common 

type of GBS in China, where it occurs as large epidemics in the summer in the 

northern regions, but is much less frequently encountered in Europe and 

the United States. AMSAN has a more severe course and much worse 

prognosis compared to AMAN; it is characterized by severe motor and sensory 

involvement, later age of onset and a broader geographic distribution.  

  NCS and EMG are performed to support a diagnosis of GBS and exclude 

mimicking conditions. Neurophysiology studies are not required for the 

diagnosis of GBS, but are necessary to discriminate between axonal and 

demyelinating subtypes and therefore provide insight regarding prognosis 

(van den Berg et al., 2014; Willison et al, 2016; Esposito & Longo, 2017).  In 

the early stages of the disease, NCS may be normal or only show subtle 

changes of demyelination, more commonly prolonged or absent F-waves 

(Kimura & Butzer, 1975; Albers et al., 1985; Cornblath et al., 1988; Kuwabara 

sciencedirect.com/science/article/pii/S0264410X1000798X
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et al., 2000; Rajabally et al.,2015b). Nerve conduction abnormalities tend to 

peak at more than 2 weeks after the onset of weakness (Hadden et al, 1998).  

As the disease progresses, the classic features of a multifocal demyelinating 

polyradiculoneuropathy evolve, showing prolonged distal motor latency, 

reduced nerve conduction velocity, prolonged F-wave latency, increased 

temporal dispersion, and conduction block. (Albers et al. 1985).  Sensory nerve 

conduction studies commonly show a characteristic ‘sural sparing’ pattern, a 

term used to describe the finding of a normal sural sensory nerve response in 

the setting of abnormal upper limb sensory results (Vucic et al., 2004). This 

pattern helps distinguish GBS from other polyneuropathies, since the sural 

nerve is primarily affected in most length-dependent neuropathies.  

NCS features in axonal variants (AMAN or AMSAN) include decreased 

motor and/or sensory amplitudes, typically in the absence of demyelinating 

features. Sensory-nerve studies help to distinguish between AMAN and 

AMSAN. Neurophysiological studies in patients with AMAN may be confusing, 

mainly due to findings of transient conduction block or slowing, that recover 

rapidly during the course of the disease. This phenomenon is known as 

reversible conduction failure and is thought to be produced by impaired 

conduction at the node of Ranvier caused by antiganglioside antibodies 

(Kuwabara et al., 1998; Kokubun et al., 2010).  This transient feature of AMAN 

mimics demyelination and therefore suggests an acute demyelinating 

polyneuropathy, leading to a possible misdiagnosis of AIDP. Other NCS 

changes suggestive of demyelination may also infrequently be observed in the 

acute phase of axonal GBS. Therefore, serial NCS may be necessary to reliably 

differentiate GBS subtypes (Kuwabara et al., 1998; Uncini, et al., 2010; 

Kokubun et al., 2013). 

Needle EMG is usually performed at four or more weeks after disease 

onset, when the likelihood of active denervation findings (sharp positive 

waves, fibrillation potentials and reduced recruitment of normal motor units) 
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is the strongest. These abnormalities are observed in distal and proximal 

muscles, including the paraspinal muscles, since GBS is a multifocal 

polyradiculoneuropathy. Features of chronic denervation and reinnervation 

(long duration, high amplitude, and polyphasic motor units with decreased 

recruitment) are recorded months after onset in clinically weak muscles.  

NCSs probably also have prognostic value,since markedly reduced CMAPs 

is the most consistent finding associated with prolonged hospitalization and 

poor outcome. Additionally, patients with features of demyelination need 

mechanical ventilation more often (Willison et al., 2016). Serial NCSs may be 

problematic in determining a pattern of improvement or worsening from one 

study to the next (Rajabally et al.,2015b; Willison et al., 2016). For example 

findings suggestive of a primary demyelinatinating process in the initial 

neurophysiological study may evolve to a pattern more consistent with an 

axonal neuropathy in the follow up study, as features of demyelination are 

reversed by myelin repair and secondary axonal loss becomes the 

predominant pathology (Donofrio, 2017).  

Since there is no consensus on the neurophysiological criteria for 

diagnosis and classification of GBS, multiple classification systems are used. 

Two of the most widely used criteria sets are presented in Table 1.6 (Hadden 

et al, 1998; Rajabally et al, 2015a). However, differentiation between axonal 

and demyelinating forms of GBS for treatment choice is not essential, because 

current treatment options (IVIg and plasma exchange) are similar in these two 

subgroups (Ho et al., 1995; Willison et al., 2016). 

In general, the prognosis of GBS is quite favorable (Rajabally et al. 2012), 

though 20% of the severely affected patients will remain unable to walk 

independently 6 months after disease onset (van Doorn et al., 2010). Despite 

the fact that several randomised controlled trials (RCTs) have proven 

effectiveness of current treatments in GBS the mortality rate has not 
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improved and it remains a disabling disease in a significant proportion of 

patients (Rajabally et al., 2012; van Doorn et al., 2008). 

 

 
Table 1.6    Electrodiagnostic criteria for Guillain–Barré syndrome (GBS) 

Hadden et al’s electrodiagnostic criteria78 Rajabally et al. electrodiagnostic criteria 164 

Normal Normal 

(All the following in all nerves tested) (All the following in all nerves tested) 

▸ DML ≤100% ULN ▸ DML ≤100% ULN 

▸ F-wave present with latency ≤100% ULN ▸ F-wave present with latency ≤100% ULN 

▸ MCV ≥100% LLN ▸ MCV ≥100% LLN 

▸ Distal CMAP ≥100% LLN ▸ Distal CMAP ≥100% LLN 

▸ Proximal CMAP ≥100% LLN  

▸ Proximal CMAP/distal CMAP ratio >0.5 

 

▸ Proximal CMAP/distal CMAP ratio >0.7 (excluding 

the tibial nerve) 

Primary demyelinating 

 

Acute inflammatory demyelinating 
polyradiculoneuropathy (AIDP) 

(At least one of the following in each of at 
least two nerves, or at least two of the 
following in one nerve if all others 
inexcitable and distal CMAP ≥10% LLN) 

(At least one of the following in at least two nerves) 

▸ MCV <90% LLN (85% if Distal CMAP <50% 

LLN) 

– MCV <70% LLN 

▸ DML >110% ULN (120% if Distal CMAP 

<100% LLN) 

– DML >150% ULN 

▸ Proximal CMAP/distal CMAP ratio <0.5   

and distal CMAP≥20% LLN 

 

▸ F-response latency >120% ULN 
 

F-response latency >120% ULN, or >150% ULN (if 
distal CMAP <50% of LLN) 

 ▸ OR 
 – F-wave absence in two nerves with distal 

CMAP≥20% LLN, with an additional parameter, in 
one other nerve 

 ▸ OR 

 – Proximal CMAP/distal CMAP ratio <0.7 (excluding 
the tibial nerve), in two nerves with an additional 
parameter, in one other nerve 
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 Primary axonal Axonal GBS including inexcitable forms 

▸ None of the above features of 
demyelination in any nerve (except one 
demyelinating feature allowed in one 
nerve if distal CMAP <10% LLN) and 

Axonal GBS: None of the above features of 
demyelination in any nerve(except one 
demyelinating feature allowed in one nerve if distal 
CMAP <10% LLN), and at least one of the following: 

▸ Distal CMAP <80% LLN in at least two 

nerves 

– Distal CMAP <80% LLN in two nerves 

 -F-wave absence in two nerves with distal 
CMAP≥20% LLN, in absence of any demyelinating 
feature in any nerve 

 – Proximal CMAP/distal CMAP ratio <0.7, in two 
nerves (excluding the tibial nerve) 

 – F-wave absence in one nerve with distal CMAP 
≥20% LLN OR proximal CMAP/distal CMAP ratio 
<0.7(excluding the tibial nerve), in one nerve; with 
IN ADDITION, distal CMAP <80% LLN in one other 
nerve 

Inexcitable ▸ Inexcitable: 

Distal CMAP absent in all nerves (or 
present in only one nerve with distal CMAP 
<10% LLN) 

 

If distal CMAP absent in all nerves (or present in 
only one nerve with distal CMAP <10% LLN) 

 

Equivocal 4. Equivocal 

▸ Does not exactly fit criteria for any other 

group 

▸ Abnormal range findings however not fitting 

criteria for any other group  

CMAP, compound muscle action potentials; DML, distal motor latency; LLN, lower limit of normal; MCV, motor 
conduction velocity; ULN, upper limit of normal 

Reproduced with permission from Rajabally et al. 2015 © 2010 BMJ Publishing Group Ltd. 
https://jnnp.bmj.com/content/86/1/115.long 

  

https://jnnp.bmj.com/content/86/1/115.long
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Axonal Polyneuropathies 

 

Axonal sensorimotor polyneuropathies are the most commonly 

encountered neuropathies in clinical practice, with an extensive list of 

potential causes, such as metabolic, toxic and nutritional.  Most axonal 

polyneuropathies present as a distal symmetric, predominantly sensory or 

sensorimotor, length-dependent polyneuropathy. Sensory disturbances 

typically exhibit a ‘glove-stocking’ pattern. Comprehensive laboratory 

evaluation is suggested that includes full blood count, erythrocyte 

sedimentation rate, blood glucose, glucose tolerance test and glycosylated 

hemoglobin levels, vitamin B-12, folate, vitamin E, cryoglobulins, renal and 

hepatitis profile, thyroid function tests, serum protein electrophoresis or 

serum immunofixation, anti-MAG antibodies, and antibodies to antinuclear 

antigen (ANA) and extractable nuclear antigen (ENA). 

  

Electrodiagnostic testing confirms the diagnosis based on the presence of 

all the following: 

1. Slowing of MCV to no less than 90% of normal when CMAP amplitude 

>30% of normal. Slowing of motor conduction velocity (CV) to no less than 

60% of normal when CMAP amplitude < 30% of normal.  

2. Distal latency normal or prolonged in proportion to MCV (except median).  

3. F-wave latencies not abnormally prolonged.  

4. No evidence of block of conduction on more proximal motor nerve 

stimulation.  

5. Fibrillation potentials and neurogenic motor unit potential changes in limb 

muscles. 

(Reproduced from Kelly JJ, 1983. with permission from John Wiley and Sons 

©2004.  https://onlinelibrary.wiley.com/doi/abs/10.1002/mus.880060706) 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kelly%20JJ%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=6314134
https://onlinelibrary.wiley.com/doi/abs/10.1002/mus.880060706
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F-wave abnormalities are frequently demonstrated in axonal 

polyneuropathies, with most common the prolongation of F-wave latencies, 

that are rarely longer than 125% of the upper limits of normal (ULN). F-wave 

studies have been found to be more sensitive than motor conduction studies 

in axonal polyneuropathies (Fraser & Olner, 1992; Weber, 1998).Therefore, F-

waves may provide the earliest means of detecting abnormalities in motor 

fibres, as has been shown in diabetic neuropathies (Walter-Höliner et al, 

2017). Mean F/M amplitude ratios are frequenly increased in axonal injuries, 

most probably due to an unequal reduction in F-wave amplitudes compared 

to their corresponding CMAP amplitudes. Finally in marked axonal loss F-

waves may be absent or significantly reduced. 
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Diabetic Polyneuropathy (DPN) 
 

Diabetic Polyneuropathy is the most common form of neuropathy 

worldwide and affects up to 50% of all patients with diabetes mellitus (DM). A 

large range of neuropathies are associated with DM and presented in Table 2.  

 

Table 1.7  Classification of Diabetic Polyneuropathies 

 

1. Symmetric Polyneuropathies 

Distal sensory polyneuropathy 

Autonomic neuropathy 

Diabetic neuropathic cachexia 

Hyperglycemic neuropathy 

Insulin induced neuropathy 

 

2. Asymmetric and focal neuropathies 

Diabetic lumbosacral radiculloplexopathy (diabetic amyotrophy) 

Thoracic radiculopathy 

Cranial neuropathies 

Limb mononeuropathies 

 

The most common form is a distal symmetric, primarily sensory, 

polyneuropathy. Onset is usually slow and insidious with sensory changes 

(hypoesthesia and paresthesia) occurring distally and ascending proximally. As 

disease progresses larger fibers become involved. Neurological examination 
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reveals altered sensation of pinprick, vibration, or proprioception and absence 

of ankle jerk reflex. Distal muscle weakness or atrophy and areflexia may be 

present in later stages of the disease.  

EDX testing is used to confirm a diagnosis of DPN. The most common 

finding is a distal symmetric sensorimotor axonopathy, in which sensory and 

motor responses recorded at the distal limbs are usually reduced (Dyck et al., 

2011; Perkins & Bril, 2003). F-wave latencies are the most sensitive EDX 

findings in patients with DPN (Anderson et al., 1997). F-wave recordings are 

also considered the most reliable and reproducible measurement in the 

monitoring of these patients (Kohara et al, 1996, 2000). An increased 

frequency in Freps has also been described in DPN (Chroni et al. 2012; 

Hasegawa et al., 2001). Conduction slowing, usually mild, can be seen but 

does not meet the electrodiagnostic criteria for primary demyelination. All 

EDX findings are typically more prominent in the lower limbs compared to the 

upper (Padua et al., 2002; Feki & Lefaucheur, 2001). In addition, it is relatively 

common to detect superimposed entrapment neuropathy, such as median 

neuropathy at the wrist, due to increased vulnerability (Pourmemari & Shiri, 

2015; Albers et al., 1996). A substantial subset of asymptomatic DPN patients 

may have NCS abnormalities even in the absence of clinical symptoms of 

polyneuropathy (Walter-Höliner et al, 2017). Finally, nerve conduction 

measurements have been shown to improve with tight and stable glycemic 

control (Pasnoor et al., 2013).  
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Chemotherapy -induced polyneuropathy (CIPN) 
 

Chemotherapy-induced peripheral neuropathy (CIPN) is the leading cause 

of medication-induced neuropathies and a common side effect of 

antineoplastic agents, with reported estimates of prevalence ranging from 

19% to over 85% (Seretny et al., 2014). The main classes of anti-cancer drugs 

that cause damage to the peripheral nervous system are platinum-based 

antineoplastic agents, taxanes, epothilones (ixabepilone), vinca alkaloids, 

proteasome inhibitors (bortezomib) and immunomodulatory drugs 

(thalidomide). The three most neurotoxic are platinum-based agents, taxanes, 

ixabepilone and thalidomide (Zajączkowska et al., 2019).  

Irrespective of the causative agent, CIPN has similar clinical characteristics 

that help distinguish it from other polyneuropathies. Its most common 

presentation is a predominantly sensory neuropathy that may be 

accompanied by motor (thalidomide) and autonomic involvement (vincristine) 

of varying intensity and duration.  In most cases, CIPN is an axonal distal 

symmetrical polyneuropathy with a "glove and stocking» distribution. Patients 

present with paraethesia, dysaethesia and numbness in distal extremities 

(Park et al., 2013); and neurological examination may reveal a reduction or 

absence of deep tendon reflexes (Pal, 1999; Krarup-Hansen et al., 2007; 

Augusto et al., 2008; Velasco et al. 2010). Painful paresthesia is a prominent 

symptom with some drugs (Pace et al. 1997, Park et al. 2011, Chen et al. 

2013). A few medications are associated with demyelinating  

polyneuropathies (Jacobs & Costa-Jussà, 1985) . Other agents may selectively 

damage dorsal root ganglion cell bodies, causing a sensory neuronopathy or 

rarely a predominant motor neuropathy (Lipton et al., 1989).  

CIPN is a dose-dependent cumulative neuropathy that typically stabilizes 

or resolves if the medication is discontinued early. In the majority of cases 

symptoms will eventually improve over time, but a significant portion will 

have incomplete recovery and persistent symptoms (Winters-Stone et al., 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Zaj%26%23x00105%3Bczkowska%20R%5BAuthor%5D&cauthor=true&cauthor_uid=30909387
https://www.uptodate.com/contents/vincristine-conventional-drug-information?topicRef=94976&source=see_link


64 
 

2017).  In addition, symptoms may continue to worsen for months after 

withdrawal of the offending medications (“coasting phenomenon”).  

 The diagnosis of CIPN is primarily based on the time course and pattern of 

the neuropathy related to the use of specific medications. Standard neuro-

physiological tests are essential for the diagnosis and for differentiating from 

other causes of neuropathy. NCSs usually demonstrate a predominantly 

axonal sensory neuropathy, although motor involvement is frequent even in 

subclinical cases.  

The concurrent use of two or more neurotoxic drugs may act 

synergistically and enhance the neurotoxic effects of the single drugs. Patients 

with preexisting neuromuscular diseases may be more susceptible to 

neurotoxic drugs. 

CIPN remains a major problem for patients and their providers, due to its 

relatively high risk in cancer patients and the impact on quality of life, the 

absence of preventive treatments and limited options for symptomatic 

treatment (Mols et al., 2014). 
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Chronic Idiopathic Axonal Neuropathy (CIAP) 

 

Chronic Idiopathic Axonal Neuropathy (CIAP) was first described in the 

early 90s and refers to a chronic axonal polyneuropathy of unknown cause 

(Notermans et al., 1993). About 10% to 30% of patients with polyneuropathy 

are left without an etiology, despite extensive diagnostic workup and long 

term follow-up (Mygland  & Monstad, 2001; Rosenberg & Vermeulen, 2005; 

Rudolph & Farbu, 2007). 

Typically, this condition presents with an insidious onset of symptoms, 

usually starting in the sixth decade and beyond, and males are more affected 

than females. It presents with symmetrical distal sensory or sensorimotor 

symptoms and signs,  such as numbness, pain, decreased sense of touch, 

decreased vibration, decreased or absent tendon reflexes (commonly absent 

ankle reflexes), and slight muscle weakness (England et al., 2005).  

EDX testing shows findings of a predominantly distal axonal 

polyneuropathy: reduction in amplitudes of the compound sensory nerve 

action potentials (SNAPs) and/or compound motor action potentials (CMAPs) 

in at least 2 nerves on NCS; as well as a distal to proximal gradient of 

denervation or reinnervation on EMG (Kelly, 1983; Albers, 1993; Johnsen & 

Fuglsang‐Frederiksen, 2000). In addition there is no evidence of 

demyelination, based on the previously published criteria (Van den Bergh & 

Piéret, 2004).  

It is mainly a large fiber axonal polyneuropathy, with or without small 

nerve fiber involvement, that progresses slowly and most patients remain 

ambulatory with mild to moderate disability (Notermans et al., 1994; 

Vrancken et al., 2002). However, since most patients experience their first 

symptoms in their 50s, it frequently affects both personal and professional life 

and leads to poorer quality of life (Teunissen et al., 2000). 
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A study by Visser et al. (2013) concluded that metabolic syndrome, 

including impaired glucose tolerance, hypertension, dyslipidemia, and obesity, 

may contribute to the development of chronic idiopathic axonal neuropathy. 

CIAP remains a diagnosis of exclusion; as to date there are no known risk 

factors or probable causes. It encompasses a heterogeneous group of patients 

that share similar clinical manifestations and disease course, suggesting a 

common etiologic background. Due to this lack of knowledge, there is 

currently no effective preventive approach and/or treatment therapy.  
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SECTION II 

  

EXPERIMENTAL STUDIES 
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CHAPTER 2 

2.1  FORMULATION OF THE PROBLEM 
 

F-waves are late responses produced by backfiring of antidromically activated 

motor neurons, following peripheral electrical stimulation of motor fibers. F-

wave latencies have been proven valuable as an index of conduction 

properties of motor neurons and are commonly assessed in routine 

electrophysiology studies. Other F-wave parameters, such as persistence 

(percent of F-waves in a series of stimuli) or amplitude, are less frequently 

studied although they could provide additional information regarding the 

ability of individual motor neurons to generate F-waves. 

 Findings of decreased persistence and high amplitude F-waves, 

occasionally giant F-waves, have been reported in patients with amyotrophic 

lateral sclerosis (ALS), probably reflecting alterations of lower motor neuron 

excitability and/or structural changes of the corresponding motor units. The 

most commonly reported F-wave abnormality in polyneurpathies is 

prolongation of latencies, which is considered the most sensitive finding in 

early stages of both axonal and demyelinating polyneuropathies. 

Another interesting parameter is F waveform similarities; normally, in a 

series of 20–40 consecutive stimuli, the elicited F-waves vary in latency and 

mainly in configuration. This inherent variability is explained by the estimated 

minimal possibility of each neuron within the population to backfire 

effectively after a single stimulus in order to generate an F response. Repeater 

F-waves (Freps) i.e. F-waves identical in shape, latency and amplitude are 

considered to be produced by single neurons, so called repeated neurons 

(RNs), and rarely seen in healthy nerve recordings. In a series of consecutive 

traces, the loss of F waveform variability, denoted by repetition of identical F-

waves, suggests that they are preferentially generated by some compared to 

other neurons. 
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An increased frequency of Freps has been shown in patients with motor 

neuron or nerve dysfunction of various etiologies. Previous studies have 

suggested the estimate of Freps as a sensitive electrodiagnositc finding of a 

neuropathic process. However the clinical significance of repeater F-waves 

analysis in neuronopathies and neuropathies has not been evaluated.  

To date, identification of Freps remains a time-consuming test applied 

mainly for research purposes. A specially designed computer program for 

automated identification of repeater F-waves has been developed in our 

laboratory aiming to facilitate and standardize the procedure in order to 

become suitable for clinical practice. We herein used this program, called 

FWave Analyzer, to study Freps and their parameters in nerves of patients 

diagnosed with ALS, demyelinating and axonal polyneuropathies compared to 

matched healthy subjects. 

2.2 THESIS STATEMENT 
 

Repeater F-waves identification is a clinically useful diagnostic tool in 

neuronopathies and neuropathies. Modern techniques fascilitate the 

detection of Freps and enhance feasibility in routine clinical practice. 

2.3 RESEARCH QUESTION 
 

How do parameters of repeater F-waves relate to pathophysiological 

processes in neuronopaties and neuropathies (demyelinating and axonal)? 
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2.4    OBJECTIVES 
 

1. To access the frequency and parameters of repeater F-waves in 

patients with ALS, compared to healthy subjects 

2. To analyze and compare measurements of Freps and Fnonreps in ALS 

patients  

3. To access the frequency and parameters of repeater F-waves in 

patients with demyelinating polyneuropathies (PN-D), compared to 

healthy subjects 

4. To analyze and compare measurements of Freps and Fnonreps in PN-D 

patients 

5. To access the frequency and parameters of repeater F-waves in 

patients with axonal neuropathies, compared to healthy subjects 

6. To analyze compare measurements of Freps and Fnonreps in PN-A 

patients 
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CHAPTER 3 

 EQUIPMENT AND TECHNIQUES 
 

3.1 Equipment and recording procedures. 

 

For all studies, a two-channel Keypoint ver. 3.25 electromyographic device 

(Medtronic Dantec Electronics, Skovlunde, Denmark) was used. Standard 

motor conduction and F-wave studies of the ulnar and peroneal nerve were 

performed on the left side for all healthy subjects, and on the side of weaker 

muscle strength or on the left side if normal or similar strength for the patient 

groups.  

The amplitudes of the CMAPs of the ulnar and peroneal nerve had to be 

≥1 mV and ≥0.5 mV respectively. Patients with absent F-waves in either nerve 

were excluded. Firstly, the ulnar nerve was examined and subjects were 

instructed to remain relaxed placing the upper limb on an arm board. During 

the recording the skin temperature was maintained at >31°C. A cathodal 

stimulation with supramaximal intensity was applied at the wrist and elbow 

level and the compound muscle action potential (CMAP) was recorded using a 

bipolar surface electrode, with a fixed 30 mm interelectrode distance, placed 

over the motor point of the abductor digiti minimi muscle (ADM). F-waves 

were elicited by a series of 40 consecutive stimuli (pulse frequency 1 Hz and 

duration 0.1 ms) delivered at the wrist.  

A similar procedure was followed for the study of the peroneal nerve. The 

examined muscle remained relaxed and skin temperature of the foot was 

maintained at >29°C, throughout the procedure. The recording electrode was 

placed over the extensor digitorum brevis muscle (EDB) and CMAP responses 

were recorded following supramaximal stimulation at the ankle and knee. 

Forty consecutive stimuli were applied to the peroneal nerve at the ankle, at a 

frequency of 1 Hz and the evoked F-waves were recorded. 
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3.2  Data processing 

 

The recorded myoelectric data were extracted from the 

electromyographic apparatus and imported to custom developed specialized 

software (F Wave Analyzer) for further processing. This program is installed in 

our electromyographic based personal computer and its detailed properties 

have been described by our team (Chroni et al., 2017). This software 

comprises multiple features and functionality for inspection of myoelectric 

recordings, automated identification of F-wave locations, grouping of 

repeaters and calculation of their parameters. It also gives the option to 

manually reset F-wave markers.  

The algorithm for wave detection consisted of the following stages. 

Frequency domain preprocessing is initially applied, in order to retain the 

signal frequencies that fall into the spectrum of an F-wave. High-frequency 

noise was eliminated from raw signal using a moving average filter with 

window size of 300 μs. The derivative was then refiltered and smoothed, to 

remove additional spikes probably caused by outliers. Afterwards, locations of 

F-waves are indentified based on the rate of signal change; when the derivate 

was below the preset threshold of 14.4 mV/ms the signal had a zero value, 

otherwise the value was 1. Any drop in the derivative below threshold for less 

than 3 ms (arbitrary selected duration) was considered insignificant and 

ignored. Onset of the wave is the first non zero value and termination the first 

zero value obtained after that. Repeater groups are now formed by pairwise 

comparison of all F-waves.  

The following quantities are computed for every pair of Fwaves that 

collectively give a similarity index that is used to introduce the necessary 

tolerance:  

(a) The ratio of the absolute difference of the two potentials’ area to that 

of the first potential’s should be below 0.1.  
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(b) Onset, termination and all intermediate peaks of the waveforms had 

to match in time with maximum tolerance of 0.05 ms, according to the 

estimated jitter of F-waves from a single motor axon (Schiller and Stålberg, 

1978).  

(c) Difference in amplitudes should not exceed 20 μV, a value which we 

defined as the smallest recognizable F-wave.  

(d)  A possible transient change of the potential direction should not 

exceed 2% of the total amplitude. After matching check of all forty traces, 

Fwaves appearing more than once were categorized into different colored 

groups (Fig. 3.1).  

If wave A has been classified as a repeater of wave B and wave B as 

repeater of wave C, then all three constitute a group that was depicted on the 

interface by a different color. F waves belonging to the same group are 

considered to be elicited from a given neuron, called a repeating neuron (RN). 

Finally, the correct recognition of all RN groups by the F Wave Analyzer 

was visually verified by the first author. Identical late responses in 16 of 40 

traces with the same latency were considered A waves (Puksa et al., 2003) and 

therefore excluded from F-wave measurements. 

 

 
 
Figure 3.1. An F wave with the myoelectric derivative signal computed by the F Wave Analyzer 

for automated wave detection  

───── F-wave 

───── F-wave derivative 

───── Derivitave threshold 
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3.3  Definition of variables 

 

1. CMAP distal latency, amplitude and area from baseline-to negative 

peak. 

 

2. F-wave minimum (min) and maximum (max) values of latency, F 

chronodispersion (FCD), peak-to-peak minimum (min), maximum (max) 

and mean amplitude, F-wave area the sum of negative and positive 

waveform area (min, max and mean values);  these parameters were 

estimated for each nerve in a series of 40 traces separately for RNs 

(repeated neurons) and F-waves that appeared just once (Fnonreps). F-

wave amplitude and area estimates were also expressed as a 

percentage of CMAP amplitude and areas (Famp /M % and Farea/M %).  

 

3. Persistence of F-wave (F persistence), percent of traces with a least 1 F-

wave in a series of 40 stimuli.  

 

4. Repeater F-wave frequency variables as described previously (Chroni et 

al., 2012), were the following: (I) RNs, F waveforms that appear 

identical at least twice in a series of 40 stimuli; (II) Total Freps, all RNs 

and their repetitions; (III) Persistence of Freps (Freps persistence), 

percent of total Freps in a series of 40 stimuli. (IV) Index total Freps, 

100 x total number of Freps/total number of traces with F waves. If 

more than one F-wave were elicited in a trace, they all counted for 

Freps persistence estimations. 
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3.4  Statistics 

 

Analysis was performed using IBM SPSS version 24 for Windows (IBM SPSS 

Inc., Chicago, Illonois, USA). Descriptive variables were generated for all 

variables. For the analysis of F wave parameters, each RN was included once, 

irrespective of the number of repetitions, in order to avoid bias in favor of 

repeater F-waves. Data for most variables, despite transformation, did not 

satisfy normality criteria according the Kolmogorov-Smirnov test and 

therefore, the nonparametric Mann-Whitney test for independent samples 

and Wilcoxon test for dependent samples were used. Correlation was 

assessed using the Pearsons correlation coefficient. The significance level was 

set at P < 0.05. 
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SECTION III 

  

RESULTS 
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CHAPTER 4 

HEALTHY CONTROL SUBJECTS 
 

4.1 Material  
 

A total of 52 healthy subjects (33 males and 19 females), aged 37 to 88 years 

(mean age 63.9 ± 11.9 years), served as controls for the study (Fig. 4.1). These 

participants were part of a pool of healthy subjects who had responded to 

advertising for volunteers, in order to establish normative data for nerve 

conduction studies in our EMG laboratory. None had symptoms of 

neuromuscular disease or a medical condition known to cause peripheral 

neuropathy, such as diabetes mellitus, thyroid disease, exposure to neurotoxic 

medication or chemotherapy, renal function disorder, alcohol abuse and 

vitamin deficiencies. 

 

 
 

Figure 4.1   Age frequency distribution chart in 52 healthy participants.  

                     63% of the healthy subjects were between the ages of 55 and 75 years. 
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4.2 Results 
 

4.2.1 CMAP parameters  

 

The standard stimulating and recording procedure described previously in 

chapter 3 was used. The nerves on the left side were examined in all healthy 

subjects. Satisfactory recordings were obtained from all examined nerves, and 

CMAP and MCV measurements are presented in Table 4.1.  

 

Table 4.1  CMAP and MCV measurements in 52 healthy subjects 
 

CMAP: compound muscle action potential; MCV: motor conduction velocity 

All variables expressed as mean values ± SD 

 

 

 

 

 

 

 

 Ulnar nerve Peroneal nerve 

 Mean ± SD Range Mean ± SD Range 

CMAP latency (msec) 2.7 ± 0.4 2.0 - 3.6 4.0 ± 0.6 2.7 - 5.5 

CMAP amplitude (mV) 5.5 ± 1.1 4.0 -7.5 3.0 ± 1.0 1.7 - 6.9 

CMAP area (mV*msec) 14.5 ± 4.3 4.3 -21.7 7.6 ± 3.0 3.0 - 16.6 

MCV (m/sec) 59.8 ± 4.0 50.0 - 66.7 49.5 ± 3.5 42.1 - 55.7 
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4.2.2  F-wave findings 

 

Easily identifiable F-waves with a clear-cut onset were obtained in all healthy 

subjects and forwarded for automated analysis. Measurements of the F Wave 

Analyzer were extracted into an excel file. An example of typical F-waves 

analysis is shown in Fig. 4.2. 

 

 

 

Figure 4.2 A. Forty consecutive F-wave recordings from the study of the ulnar nerve in a 53 year 

old healthy male. B. Analysis of the 40 traces using the F Wave Analyzer. Each trace is displayed 

in the upper screen in different colored boxes; white boxes indicate traces with absent F-waves, 

grey include Fnonreps and each of the other colored boxed refers to a group of Freps. Identical 

F-waves are depicted in the same color. In the lower screen three groups of repeater F-waves 

are magnified. A total of 6 Freps, grouped into 3 RNs, are recognized (Freps persistence: 95%, 

Index total Freps: 7.9%) (via final version of F Wave Analyzer) . 
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Persistence of F-waves and Repeater F-waves 

 

Table 4.2 presents the frequency-related statistical findings for all F-waves and 

Freps. The F-wave persistence of the ulnar nerve ranged from 95.0 to 100.0 

(mean 98.65 ± 2.00); the F-wave persistence of the peroneal nerve ranged 

from 37.5 to 100 (mean 80.87 ± 15.95). Freps occurred more frequently in the 

peroneal nerve than the ulnar (46 out of 52 nerves vs 34 out of 52 nerves). All 

Freps indexes were significantly higher in the peroneal compared to ulnar 

nerve.  None of the healthy subjects had RNs with 5 or more repetitions 

following 40 stimuli in the ulnar nerve. 

 

Table 4.2. Repeater F-wave frequency in 52 healthy subjects  

 Ulnar nerve Peroneal nerve P value 

F-wave persistence† (%) 98.65 ± 2.00 80.87 ± 15.95 <0.001 

Nerves with Frep* (%) 34 (65.4) 46 (88.5)  

Freps persistence† (%) 6.73 ± 6.67 17.84 ± 12.74 <0.001 

RN’s† 1.27 ± 1.22 2.77 ± 1.77 <0.001 

Total Freps† 2.73 ± 2.64 7.23 ± 5.19 <0.001 

Index total Freps † (%) 6.81 ± 6.73 23.58 ± 18.37 <0.001 

RNs ≥5 repetitions† 0 0.20 ± 0.40 N/A# 

Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total number of 
Freps/total number of traces with F-waves; RNs: F waveforms that appear identical at least twice in a 
series of 40 stimuli; Total Freps: all RNs and their repetitions. 
*Variables expressed as number; † Variables expressed as mean values ± SD;  # Not applicable 
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F-waves Parameters: 

Minimum, mean and maximum values of all F-wave parameters, F 

chronodispersion and F tacheodispersion  for the ulnar and peroneal nerve 

are depicted in Table 4.3 

Table 4.3   F-wave parameters in 52 healthy subjects  

 
Ulnar nerve Peroneal nerve 

Healthy Range Healthy Range 

Flat min (ms) 25.4 ± 2.2 21.8 - 29.9 45.3 ± 5.1 35.4 - 58.3 

Flat max (ms) 29.4 ± 2.6 24.5 - 36.3 52.9 ± 5.7 41.5 - 67.9 

Flat mean (ms) 27.8 ± 2.3 23.3 - 33.4 50.2 ± 6.1 39.5 - 63.1 

FCD (ms) 4.0 ± 0.8 1.5 - 5.9 7.5 ± 2.1 1.2 - 11.4 

Famp min (μV) 58 ± 50 22- 327 41 ± 48 20 - 368 

Famp max (μV) 646 ± 273 36 - 908 530 ± 39 190 - 2420 

Famp mean (μV) 239 ± 105.2 216 - 1449 185 ± 130 39 - 908 

Famp min /M (%) 1.1 ± 1.0 0.4 - 6.2 1.5 ± 2.1 0.5 - 16 

Famp max /M (%)  11.9 ± 5.0 3.8 - 28.3 18.5 ± 13.0 5.9 - 78.1 

Famp mean /M (%) 4.4 ± 2.1 0.8 - 20.6 6.6 ± 4.8 0.9- 36.0 

Farea min (μV) 117 ± 146 19 - 819 74 ± 76 12 - 520 

Farea max (μV) 1840 ± 830 551- 3987 1246 ± 996 390 - 5623 

Farea mean (μV) 618 ± 302 123 - 2416 406 ± 292 5 - 4440 

Farea min /M (%) 1.2 ± 1.4 0.4 - 6.2 1.1 ± 1.4 0.1 - 10.2 

Farea max /M (%)  14.0 ± 9.2 3.9 - 55.2 18.3 ± 14.5 4.9 - 71.1 

Farea mean /M (%) 4.7 ± 3.0 0.9 - 20.6 6.2 ± 5.2 0.2 - 31.6 

FTD (m/sec) 9.0 ± 2.3 4.1-16.1 7.7 ± 2.3 1.2 - 11.4 

Flat: F latency, FCD: F chronodispersion, FTD: F tacheodispersion, Famp: F amplitude  
All variables are expressed as mean values ± SD  
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Comparisons between Freps and Fnonreps 

 

Comparative values of all Freps and Fnonreps parameters are presented in 

Table 4.4. Minimum latencies of Freps were significantly longer than Fnonreps 

minimum latencies, while their maximum values were significantly shorter 

compared to Fnonreps maximum latencies. FCD was also significantly lower in 

Freps as opposed to Fnonreps. Figure 4.3 illustrates the range of min and max 

Freps and Fnonreps latencies and shows that all values of Freps latencies are 

well within the limits of Fnonreps latencies.  

In the ulnar nerve, mean values of amplitude and area as well as their F/M 

ratios were significantly higher in Freps compared to Fnonreps, but maximum 

latency values were significantly higher in Fnonreps. In the peroneal nerve all 

mean and max F/M amplitude and area ratios were significantly higher in 

repeaters compared to non repeaters F-waves. 
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Table 4.4 Parameters of Freps and Fnonreps in 52 healthy subjects 

 
Ulnar nerve Peroneal nerve 

Freps Fnonreps P value Freps Fnonreps P value 

Flat min (ms) 27.8±2.7 25.4±2.2 <0.001 50.5±7.1 45.3±5.1 <0.001 

Flat max (ms) 28.7±2.6 29.3±2.4 <0.001 59.5±8.4 52.9±5.7 <0.001 

FCD (ms) 1.5±1.2 3.9±0.1 <0.001 9.1±6.1 7.5±2.1 0.625 

Famp min (μV) 315±235 59±51 <0.001 86±103 41±48 <0.001 

Famp max (μV) 467±272 634±275 <0.001 625±496 530±39 0.489 

Famp mean(μV) 384 ± 230 228±96 <0.001 275±177 185±130 <0.001 

Famp min /M (%) 6.1±5.1 1.1±1.0 <0.001 5.7±8.6 1.5±2.1 <0.001 

Famp max /M (%)  9.0±5.6 11.6±4.9 <0.001 34.3±26.7 18.5±13.0 <0.001 

Famp mean/M (%)  7.4±5.0 4.2±1.9 <0.001 16.2±16.7 6.6±4.8 <0.001 

Farea min (μV·ms) 759±675 120±150 <0.001 178±258 74±76 <0.001 

Farea max (μV·ms) 1203±773 1794±851 <0.001 1549±1347 1246±996 0.294 

Farea mean(μV·ms) 958±656 593±276 0.004 621±508 406±292 <0.001 

Farea min /M (%) 5.8±5.9 0.9±1.1 <0.001 4.3±6.3 1.1±1.4 <0.001 

Farea max /M (%)  9.2±7.6 13.6±9.1 <0.001 32.3±25.5 18.3±14.5 0.001 

Farea mean/M (%)  7.4±6.3 4.5±2.8 0.003 14.1±14.2 6.2±5.2 <0.001 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude  

All variables are expressed as mean values ± SD 
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 Figure 4.3   Ranges of Freps and Fnonreps latencies in ulnar and peroneal nerve of 52 

healthy subjects.  All values of Freps latencies are within the limits of Fnonreps 
latencies and distributed in the center.  
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Correlations of F-waves findings 

 

1. Significant correlations between age and CMAP parameters were 

observed in the ulnar nerve only. Age correlated positively with latency 

(r=0.371, P=0.007) and negatively with amplitude and area (r= -0.520 

and r= -0.420 respectively, both P values= 0.002). 

 

2. No significant correlation was found between age and F-wave 

parameters. 

 

3. F latency min and max measurements correlated positively with height, 

arm and leg length (r=0.753, r=0.728 and r=0.670 respectively; p<0.001 

for all values) 

 

4. In the ulnar nerve, CMAP latencies had a positive correlation with Freps 

persistence (r=0,367; P=0.07), Index Total Freps (r=0,340; P=0.014), 

number of RNs (r=0,367; P=0.07) and total Freps (r=0,322; P=0.02). 

CMAP latencies correlated negatively with CMAP amplitudes. In the 

peroneal nerve, CMAP latencies correlated positively only with Index 

Total Freps (r=0,322; P=0.02), and negatively with F persistence (r=0,-

363; P=0.008). 

 

5. There was a very strong correlation in all latency values (min, mean and 

max) between Freps and Fnonrep in the ulnar (r=0.827, 0.862 and 0.891 

respectively; all P values <0.001) as well as the peroneal nerve (r=0.886, 

0.898 and 0.938 respectively; all P values <0.001). 
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6. In both studied nerves, mean and max values of Farea /M% of Fnonreps 

had a negative correlation with CMAP area (Fig 4.4). 

 

 
 

 

 

 

 
 

 
Figure 4.4  Values of Farea mean/Marea % and  Farea max/Marea % for Fnonreps had a 
negative correlation with CMAP area, in both ulnar and peroneal nerves 
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7. The mean and max values of Farea/M (%) and Famp/M (%) correlated 

positively between Freps and Fnonreps in both studied nerves (Fig 3.5).  

For the ulnar nerve, the correlation coefficient r values between mean 

and max Farea/M (%) in Freps vs Fnonreps were 0.521 and 0.460 

respectively (P=0.001 and P=0.005 respectively); for the peroneal nerve 

these r values were 0.719 and 0.714 respectively (both P<0.001)           

(fig. 4.5). 

 

 

  
 
Figure 4.5 Correlation of mean and max amplitudes between Freps and Fnonreps 
reveal a parallel increment in both nerves. 
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CHAPTER 5 

PATIENTS WITH MOTOR NEURONOPATHY 
 

 

5.1 Material 

 

The motor neuronopathy group consisted of fifty-two patients with 

amyotrophic lateral sclerosis (ALS; 33 males and 19 females; mean age of 64.1 

± 10.2 years and mean height of 172.3 ± 8.1 cm). The patients were clinically 

examined, Medical Research Council (MRC) scores and signs of upper and 

lower motor neuron involvement recorded. All patients had a diagnosis of 

clinically definite ALS based on clinical or electrophysiological criteria of the 

revised El Escorial (Brooks et al., 2000) and Awaji criteria (Costa et al., 2012). 

The control group consisted of 52 gender-, age and height matched healthy 

participants (33 males, mean age 63.8 ± 11.9 years, mean height 172.5±8.1cm) 

previously described and studied in Chapter 4. Figure 5.1 represents the age 

frequency distribution in the two groups. 
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Figure 5.1   Age frequency distribution chart in 52 ALS patients and 52 healthy participants.  
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5.2 Results 

 

5.2.1 Neurological examination 

 

Disease duration at the time of examination ranged between 6–15 months 

(mean 10 ± 5.3 months). The presenting symptom was muscle weakness of the 

upper limb in 21 subjects, the lower limb in 19 and bulbar region in 12. Signs of 

upper motor neuron involvement in the examined limb were present in all 

patients, confirmed by presence of brisk deep tendon reflexes, Modified 

Ashworth Scale 0–1+, and/or a Babinski sign, although all had a predominant 

lower motor neuron syndrome. MRC score in the ADM muscle was 5 in 23 

patients, 4 in 17, 3 in 8 and 2 in 4. EDB muscle strength had a MRC score of 5 in 

26 patients, 4 in 17, 3 in 6 and 2 in 3.  
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5.2.2 CMAP parameters 

 

There were statistical significant differences in measurements of CMAP latency, 

amplitude, area and MCV in both examined nerves, between the two study 

groups (Table 5.1). It should be noted, however, that the vast majority of 

patients had values within the normal range of our laboratory. 

 

 
Table 5.1     CMAP parameters in 52 healthy subjects 

CMAP: compound muscle action potential; MCV: motor conduction velocity 
 All variables are expressed as mean values ± SD 
 

Ulnar nerve 

 Patients Healthy P value 

CMAP latency (msec) 3.1 ±  0.5 2.7 ± 0.4 <0.001 

CMAP amplitude (mV) 4.4 ± 2.3 5.5 ± 1.1 <0.001 

CMAP area (mV*msec) 12.5 ± 7.4 14.5 ± 4.3 0.004 

MCV (m/sec) 54.2 ± 4.5 59.8 ± 4.0 <0.001 

Peroneal nerve 

 Patients Healthy P value 

CMAP latency (msec) 4.7 ± 0.80 4.0 ± 0.6 <0.001 

CMAP amplitude (mV) 2.1 ± 1.2 3.0 ± 1.0 <0.001 

CMAP area (mV*msec) 5.5 ± 3.1 7.6 ± 3.0 <0.001 

MCV (m/sec) 45.5 ± 4.3 49.5 ± 3.5 <0.001 
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5.2.3 F wave characteristics 

 

A total of 17 nerves were excluded from subsequent analysis, due to absence of 

F-waves. In 3 patients no F-wave recordings were obtained from either both 

ulnar or both peroneal nerves and they did not participate in this study. 

Whereas, 11 of the ALS participants had one nerve without F-waves and studies 

were thereby performed on the less affected side. Mean amplitude of the CMAP 

in the excluded nerves were 0.7 mV for the ulnar and 0.5 mV for the peroneal 

nerve. All recordings were satisfactory, free of artifacts and forwarded for 

automated analysis. Measurements of the F Wave Analyzer were extracted into 

an excel file. An example of an F-waves typical analysis is illustrated in Fig. 5.2. 

 

 

Figure 5.2  F wave recordings of the ulnar nerve in a 66 year-old female patient with lower 
limb onset ALS. CMAP parameters are within normal limits and MRC score of the examined left 
ADM muscle is 5. Every one of the 40 traces is displayed in the upper screen in different 
colored boxes; grey boxes indicate traces with absent F-waves, black include Fnonreps and 
each of the other colored boxed refers to a group of Freps. Identical F-waves are depicted in 
the same color. In the lower screen three groups of repeater F-waves are magnified. A total of 
23 Freps, grouped into 7 RNs, are recognized (Freps persistence: 57.5%, Index total Freps: 
74%). This analysis was performed using a previous version of F wave Analyzer. (Reproduced 
form: Veltsista D. et al., Clinical Neurophysiology, 2019) 



93 
 

Persistence of F waves and Repeater -waves 

 

The frequency-related statistical findings for all F-waves and Freps are presented 

in Table 5.2. Freps occurred more frequently in the peroneal nerve than the 

ulnar in both groups. RNs with more than 5 repetitions at the ulnar nerve was 

detected in 32 patients (vs 0 in healthy) and at the peroneal in 39 (vs 8 in 

healthy). In a series of 40 stimuli, 4 or more different RNs were detected in 28 

ulnar and 30 peroneal nerves from ALS group as opposed to 2 ulnar and 13 

peroneal from the healthy group. 

 

Table 5.2. Repeater F-wave frequency in 52 healthy subjects and 52 ALS patients 

Ulnar nerve 

 Patients Healthy P value 

F-wave persistence† (%) 78.13 ± 25.76 98.65 ± 2.00 <0.001 

Nerves with Frep* (%) 52 (100) 34 (65.4)  

RN’s† 4.44 ± 2.12 1.27 ± 1.22 <0.001 

Total Freps† 15.19 ± 6.77 2.73 ± 2.64 <0.001 

Index total Freps † (%) 53.15 ± 25.82 6.81 ± 6.73 <0.001 

RNs ≥5 repetitions† 0.94 ± 0.93 0 N/A# 

Fnonreps persistence    
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Peroneal nerve 

 Patients Healthy P value 

F-wave persistence† (%) 55.53 ± 25.51 80.87 ± 15.95 <0.001 

Nerves with Frep* (%) 52 (100) 46 (88.5)  

RN’s† 4.10 ± 2.50 2.77 ± 1.77 <0.001 

Total Freps† 16.56 ± 8.79 7.23 ± 5.19 <0.001 

Index total Freps † (%) 75.02 ± 20.54 23.58 ± 18.37 <0.001 

RNs ≥5 repetitions† 1.30 ± 1.29 0.20 ± 0.40 <0.005 

Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total 

number of Freps/total number of traces with F-waves; RNs: F waveforms that appear 

identical at least twice in a series of 40 stimuli; Total Freps: all RNs and their repetitions. 

*Variables expressed as number; † Variables expressed as mean values ± SD; # Not applicable 

 

 

 

F-waves parameters 

 

Latency min and max measurements in all F-waves, repeaters and non 

repeaters, for both nerves were significantly prolonged in the patient compared 

to the healthy group (P <0.001); FCD of the ulnar was significantly higher in the 

patients (P < 0.001). Famp mean/M % and Famp max/M %, in both nerves were 

significantly higher in the ALS group (Table 5.3). 
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Table 5.3. Parameters of F-waves in ulnar and peroneal nerve in 52 healthy subjects and 52 ALS 

patients 

 
Ulnar Peroneal 

Patients Healthy Pvalue Patients Healthy Pvalue 

Flat min (ms) 28.4±3.1 25.4±2.2 <0.001 50.5±7.1 45.3±5.1 <0.001 

Flat max (ms) 35.1±5.7 29.4±2.6 <0.001 59.5±8.4 52.9±5.7 <0.001 

FCD (ms) 6.7±4.0 4.0±0.9 <0.001 9.1±6.1 7.5±2.1 0.625 

Famp min (μV) 60±38  58.9±50.8 0.922 86.4±103.0 41.0±47.9 <0.001 

Famp max (μV) 892.4±585.7 645.9±273.0 0.051 625.4±496.1 530.4±38.6 0.489 

Famp mean (μV) 336.7±263.3 238.8±105.2 0.014 275±177 185±130 0.004 

Famp min /M (%) 1.9±2.4 1.1±1.0 0.01 5.7±8.6 1.5±2.1 <0.001 

Famp max /M (%)  24.0±18.4 11.9±5.0 <0.001 34.3±26.7 18.5±13.0 <0.001 

Famp mean /M (%) 9.2±9.6 4.4±2.1 <0.001 16.2±16.7 6.6±4.8 <0.001 

Farea min (μV) 86±67 117±146 0.122 178±258 74±76 <0.001 

Farea max (μV) 2534±1906 1840±830 0.154 1549±1347 1246±996 0.294 

Farea mean (μV) 880±784 618±302 0.028 621±508 406±292 0.01 

Farea min /M (%) 2.7±4.2 1.2±1.4 <0.001 4.3±6.3 1.1±1.4 <0.001 

Farea max /M (%)  23.4±19.6 14.0±9.2 <0.001 32.3±25.5 18.3±14.5 0.001 

Farea mean /M (%) 7.9±8.8 4.7±3.0 0.003 14.1±14.2 6.2±5.2 <0.001 

FCV min (m/sec) 48.0±6.8 56.6±3.5 <0.001 47.6±5.3 52.3±4.1 <0.001 

FCV max (m/sec) 59.1±5.3 66.2±3.6 <0.001 40.6±5.2 44.6±3.5 <0.001 

FTD (m/sec) 11±4.4 9.5±2.3 0.186 7.1±4.6 7.7±2.3 0.156 

Flat: F latency, FCD: F chronodispersion, FTD: F tacheodispersion, Famp: F amplitude 
 All variables are expressed as mean values ± SD 
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Comparisons between Freps and Fnonreps parameters 

 

Intra-group: Table 5.4 shows the results of Freps vs Fnonreps comparisons 

within each group separately. Statistical inconsistencies of values between Freps 

and Fnonreps were demonstrated for both nerves and groups. Min latency 

values of Freps were significantly longer in both studied nerves and groups, 

while the max latency values of Freps were shorter in the healthy but tended to 

be similar to Fnonreps in the patient group. 

 

Inter-group: Famp max/M and F amp mean/M % values of Freps were 

significantly higher in patients compared to controls for the ulnar nerve (P < 

0.001), but not for the peroneal nerve (P = 0.135). Freps latency min was 

significantly prolonged in the patient’s ulnar and peroneal nerve as opposed to 

the healthy (P < 0.03 and P < 0.07 respectively). The range of Freps latencies 

were within the range of Fnonreps latencies in the ulnar nerve in both study 

groups, although this finding was more pronounced in the healthy group (Fig 

5.3). 
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Table 5.4. Parameters of Repeater (Freps) and Non Repeater (Fnonreps) F-waves in the ulnar 

and peroneal nerve of 52 healthy subjects and 52 ALS patients 

Ulnar nerve 

 
Patients Healthy  

Freps Fnonreps P value Freps Fnonreps P value 

Flat min (ms) 29.2±3.1 28.9±4.1 0.005 27.8±2.7 25.4±2.2 <0.001 

Flat max (ms) 33.5±5.9 33.5±4.4 0.235 28.7±2.6 29.3±2.4 <0.001 

FCD (ms) 4.3±4.6 5.0±2.5 0.005 1.5±1.2 3.9±0.1 <0.001 

Famp min (μV) 165±211 98.0±223.5 0.001 315±235 59±51 <0.001 

Famp max (μV) 684±407 761±624 0.539 467±272 634±275 <0.001 

Famp mean(μV) 404±280 275±248 <0.001 384±230 228±96 <0.001 

Famp min /M (%) 4.2±4.7 3.7±11.4 0.002 6.1±5.1 1.1±1.0 <0.001 

Famp max /M (%)  18.5±13.8 18.7±16.6 0.834 9.0±5.6 11.6±4.9 <0.001 

Famp mean/M (%)  10.7±7.8 7.8±11.2 <0.001 7.4±5.0 4.2±1.9 <0.001 

Farea min (μV·ms) 354±646 759±675 <0.001 759±675 120±150 <0.001 

Farea max (μV·ms) 1953±1363 1203±773 0.407 1203±773 1794±851 <0.001 

Farea mean(μV·ms) 1059±838 958±656 <0.001 958±656 593±276 0.004 

Farea min /M (%) 2.9±4.4 5.8±5.9 0.001 5.8±5.9 0.9±1.1 <0.001 

Farea max /M (%)  17.6±13.7 9.2±4.6 0.662 9.2±7.6 13.6±9.1 <0.001 

Farea mean/M (%)  9.3±7.3 7.4±6.3 <0.001 7.4±6.3 4.5±2.8 0.003 
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Peroneal nerve 

 Patients Healthy 

Freps Fnonreps P value Freps Fnonreps P value 

Flat min (ms) 52.4±7.0 50.3±7.0 0.01 47.7±5.1 45.4±5.1 <0.001 

Flat max (ms) 58.4±8.9 57.5±8.1 0.472 50.4±5.9 52.6±5.8 <0.001 

FCD (ms) 6.9±6.2 7.9±4.7 0.415 3.1±2.5 7.2±2.0 <0.001 

Famp min (μV) 147±192 104±156 0.137 114±115 46±73 <0.001 

Famp max (μV) 548±510 440±300 0.990 344±365 497±325 <0.001 

Famp mean(μV) 301±227 214±57 0.171 208±147 179±125 0.100 

Famp min /M (%) 9.7±17.0 6.5±11.0 0.147 4.1±4.1 1.7±3.2 <0.001 

Famp max /M (%)  30.1±27.3 22.8±16.4 0.885 12.4±12.3 17.4±11.3 <0.001 

Famp mean/M (%)  17.9±18.6 12.2±12.1 0.272 7.5±5.2 6.3±4.7 0.107 

Farea min (μV·ms) 296±310 250±495 0.225 263±310 95±141 <0.001 

Farea max (μV·ms) 754±819 1147±987 0.328 754±819 1176±1008 <0.001 

Farea mean(μV·ms) 477±403 532±500 0.646 477±403 386±260 0.13 

Farea min /M (%) 4.0±5.4 5.9±11.8 0.201 4.0±5.4 1.4±2.3 <0.001 

Farea max /M (%)  11.6±12.3 22.1±16.3 0.322 11.6±12.3 17.2±14.2 <0.001 

Farea mean/M (%)  7.4±7.0 11.6±12.6 0.754 7.4±7.0 5.8±4.7 0.18 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude  
All variables are expressed as mean values ± SD 
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Ulnar nerve latencies in ALS and healthy 

 

 

Peroneal nerve latencies in ALS and healthy 

 
 
Fig 5.3 Ranges of repeater and non repeater F-waves in the ulnar and peroneal nerve of ALS 

patients and healthy subjects. In the ulnar nerve the range of Frep latencies are within the 

range of Fnonreps latencies in both study groups. This finding is more pronounced in the 

healthy group. In the peroneal nerve, the maximum values of Freps tend to be higher than 

Fnonreps in the ALS group.  
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Correlations of F-wave findings 

 

The possible relations of Freps parameters with those of Fnonreps and CMAP 

parameters were examined and the meaningful results were as follows: 

 

1. The values of Famp mean/M % for Freps and Fnonreps had a positive 

correlation in both studied nerves in the control group, but not in the 

patient group (Fig. 5.4)  

 

 
 

 

 

 

 
 
Figure 5.4 Correlation of amplitude between Freps and Fnonreps reveals a parallel 

increment in healthy subjects only. 
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2. Index total Freps had a strong negative correlation with CMAP amplitude, 

used as a measurement of the weakness of the examined muscle, for 

both nerves in the patient group (Fig. 5.5) 

 

 

 

 
 

 

 

 
 

 
Figure 5.5 The CMAP amplitude reduction in ALS patients has a negative effect 

on the frequency of index total Freps in a nerve. 
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3. A negative correlation was found between F persistence and Index total 

Freps in the ulnar and peroneal nerve of the patients, but not in the 

healthy (Fig. 5.6) 

 
 

 

 

 
Figure 5.6. Relation of persistence between indices of repeater F-waves and overall 

Fwaves in ALS subjects. It shows that the lower the percentage of F-waves in a 

recording, the higher the repeaters’ frequency. The observed ceiling effect for values 

of 100% frequency reduced the power of statistics. 

 

 

 

4. As opposed to healthy subjects no correlation between mean 

values of Fnonreps/Marea% mean and CMAP area was found 

(r=0.152, P=0.287). 
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CHAPTER 6 

PATIENTS WITH DEMYELINATING NEUROPATHY 
 

6.1 Material 
 

Twenty five patients with acquired demyelinating polyneuropathy (PN-D) and 

25 gender- and age- matched, healthy control subjects participated in this 

study (Table 6.1; Fig 6.1). The PN-D group consisted of 17 patients with 

chronic inflammatory demyelinating polyneuropathy (CIDP) and 8 with 

Guillain-Barré syndrome (GBS), with a disease duration ranging from 5 months 

to 90 months (mean 43.5 months) and 2 weeks to 10 months (mean 9.5 

weeks) respectively. The healthy participants were identified within the 

healthy control group previously studied (chapter 4).  Patients with other 

possible causes of peripheral neuropathy, such as diabetes mellitus, were 

excluded. 

All CIDP patients fulfilled existing clinical and electrodiagnostic criteria for 

typical CIDP established by the European Federation of Neurological 

Societies/Peripheral Nerve Society (EFNS/PNS) Guidelines (Van den Bergh et 

al., 2010) and GBS diagnosis was based on current diagnostic criteria (Hadden 

et al., 1998; Rajabally et al., 2015). 

Neurophysiological examination in 8 out of the 10 GBS patients was 

performed within the first 4 weeks following disease onset, and therefore an 

adequate number of clearly identifiable F waves was recognized in all these 

patients. One patient was studied 10 weeks and another patient 10 months 

after onset of symptoms.  
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The severity of neuropathy was assessed by the overall limitations 

neuropathy scale (ONLS), which is a validated scale that measures limitations 

in the everyday activities of the upper and lower limbs (Graham & Hughes, 

2006; see supplementary material for further details). Total ONLS score (0-12) 

is calculated by adding the total of the Arm scale score (0-5) and Leg scale 

score (0-7) yielding a total score of 0-12. The functional state of GBS patients 

was also evaluated using the GBS disability scale that scores from 0 (no 

disability) to 6 (death) (van Koningsveld et al., 2007; see supplementary 

material for further details). 

 

Table 6.1. Demographics of 25 PN-D and 25 matched healthy controls 

 PN-D Patients Healthy 

 CIDP   GBS  Total   

N 17 8 25 25 

Age (years)     

Mean±SD 59.5±13.7 49.3±16.4 56.2 ± 15.1 58.4±10.0 

      Range 24-78 21-63 21-78 37-78 

Sex     

     Male (%) 12 (70,6) 6 (75) 18 (72) 18 (72) 

Female (%) 5 (29.4) 2  (25) 7 (28) 7 (28) 

All variables expressed as mean values ± SD 
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Figure 6.1   Age frequency distribution charts in 25 PN-D patients and 25 healthy participants 
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6.2 Results 
 

6.2.1  Neurological examination findings of the patients 
 

All patients had clinical symptoms and signs at the time of study. Neurological 

examination revealed flaccid weakness in proximal and distal muscles, absent 

or decreased deep tendon reflexes and mild to moderate distal sensory 

symptoms. ONLS score in CIDP patients ranged from 2 to 6 (mean score of 4); 

in GBS patients from 4 to 9 (mean score of 6).  Most of GBS cases were in the 

Hughes disability scale of 3 (75%), 1 in Hughes grade 4 (12.5%) and Hughes 

grade 2 in 1 GBS patient (12.5%). 

 

6.2.2. CMAP parameters 

 

There was a significant prolongation of CMAP distal latencies in the patient 

compared to the control group. CMAP amplitude and MCV measurements 

were also significantly reduced in the PN-D group. No differences were 

observed in measurements of CMAP areas (Table 6.2). 

Table 6.2. CMAP parameters in 25 healthy subjects and 25 PN-D patients 

Ulnar nerve 

 Patients Healthy P value 

 CIDP GBS Total   

Distal latency (msec) 5.0±2.7 4.0±0.7 4.7±2.3 2.6±0.4 <0.001 

Amplitude (mV) 4.3±1.7 4.4±1.8 4.4±1.7 5.8±1.0 0.005 

Area (mV·msec) 14.3±5.8 15.4±6.9 14.1±6.2 15.1±4.4 0.831 

MCV (m/sec) 40.8±10.1 46.2±7.9 42.5±9.6 60.0±4.1 <0.001 

All variables expressed as mean values ± SD 
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6.2.3. F-wave findings 

 

In all subjects satisfactory recordings were obtained and forwarded for 

automated analysis. Figure 6.2 depicts an F-wave and Freps analysis in a 

patient within the CIDP subgroup:    

 

 

Figure 6.2   Analysis of 40 consecutive ulnar nerve F-wave recordings in a 57 year old CIDP 

male patient, using the F Wave Analyzer (final version). Patient scored 3 on ONLS (arm score: 

2, leg score: 1). Each trace is displayed in the upper screen in different colored boxes; white 

boxes indicate traces with absent F-waves, grey include Fnonreps and each of the other 

colored boxed refers to a group of Freps. Identical F-waves are depicted in the same color. In 

the lower screen three groups of repeater F-waves are magnified. A total of 16 Freps, 

grouped into 5 RNs, are recognized. The orange group has 5 repetitions. There are no white 

boxes i.e. absent F-waves in this recording (Freps persistence: 100%, Freps persistence & 

Index total Freps: 40%). 
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Persistence of F waves and Repeater F waves 

 

The values of F-wave and repeater F-wave frequencies in total PN-D patients 

and subgroups, compared to healthy are summarized in table 5.3.  

Intra-group analysis:  Index total Freps and Fnonreps persistence were 

significantly lower in GBS compared to CIDP patients (p=0.023 and p=0.038 

respectively). 

Inter-group differences: F wave persistence was significantly lower in PN-D 

group compared to healthy subjects. All indices of Freps were significantly 

higher in patients as opposed to healthy controls. 

 

Table 6.3    Variables of F-waves and repeater F-waves of the ulnar nerve in 25 PN-D and 25 
healthy subjects 

Ulnar nerve 

 Patients Healthy P value† 

 CIDP GBS Total   

F-wave persistence† (%) 77.3±23.5 69.1±18.8 74.64±22.05 98.60 ± 1.92 <0.001 

Nerves with Frep* (%) 17 (100) 8 (100) 25 (100) 20 (80) N/A# 

RN’s† 3.8±1.8 3.6±1.4 3.76±1.67 1.52 ± 1.22 <0.001 

Total Freps† 12.2±6.1 16.3±5.0 13.52±5.95 3.44 ± 2.87 <0.001 

Index total Freps † (%) 42.1±21.6 60.7±16.8 48.02±21.72 8.51 ± 7.41 <0.001 

RNs ≥5 repetitions† 0.8±0.8 1.1±0.8 0.88 ± 0.78 0 N/A# 

Fnonreps persistence† (%) 47.0±22.6 28.4±15.6 41.1±22.1 90.0±7.3 <0.001 

Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total number 

of Freps/total number of traces with F-waves; RNs: F waveforms that appear identical at least twice in 

a series of 40 stimuli; Total Freps: all RNs and their repetitions. 

*Variables expressed as number; † Variables expressed as mean values ± SD;# Not applicable.  
†P value between total PN-D patients and healthy 
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 F-waves parameters 

 

All F-wave latency values (minimum, mean and maximum) and F 

chronodispersion were signigicantly longer in the PN-D patients (CIDP and 

GBS) compared to their controls, as illustrated in Table 6.4. No differences 

were found in the other F-wave parameters.  

 

Table 6.4  Parameters of F-waves in25 PN-D patients and 25 healthy subjects 

Ulnar 

                                              PN-D  Healthy P value 

Flat min (ms) 38.3 ± 11.3 26.0 ± 2.2 <0.001 

Flat max (ms) 52.9 ± 5.3 30.4 ± 2.6 <0.001 

Flat mean (ms) 44.3 ± 15.1 27.9 ± 2.4 <0.001 

FCD (ms) 14.6 ± 9.9 4.1 ± 1.0 <0.001 

Famp min (μV) 57.2 ± 47.0  61.6 ± 58.1 0.214 

Famp max (μV) 576.2 ± 712.4 622.0 ± 271.5 0.005 

Famp mean (μV) 268.6 ± 366.0 242.4 ± 97.8 0.728 

Famp min /M (%) 1.6 ± 1.2 1.1 ± 1.1 0.342 

Famp max /M (%)  15.4 ± 21.4 10.9 ± 4.2 0.479 

Famp mean /M (%) 7.2 ± 9.3 4.3 ± 1.8 0.138 

Farea min (μV) 91 ± 137 119 ± 156 0.091 

Farea max (μV) 1662 ± 1794 1777 ± 790 0.056 

Farea mean (μV) 466 ± 529 720 ± 1129 0.316 



110 
 

Farea min /M (%) 0.7 ± 0.8 0.9 ± 1.1 0.273 

Farea max /M (%)  13.4 ± 16.3 13.1 ± 8.0 0.240 

Farea mean /M (%) 5.4 ± 6.7 4.7 ± 3.2 0.640 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude  
All variables are expressed as mean values ± SD 
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Comparisons between Freps and Fnonreps parameters 

 

Characteristics of Freps and Fnonreps in PN-D patients and the healthy control 

group are depicted in table 6.5. 

 

Intra-group:  Table 6.5 shows the results of Freps vs Fnonreps within each 

group. Chronodispersion was significantly lower in Freps compared to 

Fnonreps in both patient and healthy group. Minimum and maximum F-reps 

latencies were well between the ranges of minimum and maximum Fnonreps 

latencies (figure 6.3) as in the healthy group. No other significant differences 

in parameters of Freps vs Fnonreps were observed. 

 

Inter-group: All values of Frep and Fnonreps latencies were significantly 

prolonged in the patient’s as opposed to the healthy (P< 0.001).  

The comparison of amplitude and area parameters of Freps and Fnonreps 

between the two groups was non significant. 
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Table 6.5 Characteristics of Freps and Fnonreps in 25 PN-D patients and 25 control subjects 

Ulnar nerve 

 
Patients Healthy  

Freps Fnonreps P value Freps Fnonreps P value 

Flat min (ms) 41.4±11.9 38.0±11.5 <0.001 28.5±2.9 26.1±2.2 <0.001 

Flat max (ms) 48.2±13.7 52.5±15.7 0.009 29.3±2.9 29.8±2.4 0.030 

Flat mean (ms) 44.8±12.3 43.9±17.4 0.909 29.0±2.9 27.8±2.4 0.027 

FCD (ms) 6.9±7.2 14.5±10.1 <0.001 1.3±0.9 3.8±0.9 0.004 

Famp min (μV) 175±217 116±293 0.002 270±208.3 61.6±58.1 <0.001 

Famp max (μV) 423±569 461±524 0.040 425±251 615±271 <0.001 

Famp mean(μV) 284±310 256±412 0.011 341±202 233±88 0.023 

Famp min /M (%) 4.7±7.1 2.7±5.4 0.005 4.8±3.9 1.1±1.1 <0.001 

Famp max /M (%)  12.4±20.6 11.4±10.0 0.128 7.6±4.6 10.8±4.2 <0.001 

Famp mean/M (%)  8.2±11.3 6.4±7.6 0.036 6.1±3.7 4.1±1.6 0.019 

Farea min (μV·ms) 389±513 216±587 0.007 668±611 127±163 <0.001 

Farea max (μV·ms) 1135±1160 1483±1682 0.034 1133±750 1772±787 <0.001 

Farea mean(μV·ms) 722±672 731±1214 0.049 885±606 609±233 0.052 

Farea min /M (%) 3.1±4.6 1.4 ± 3.0 0.016 5.2 ± 5.7 0.9 ±1.2 <0.001 

Farea max /M (%)  10.3 ± 15.6 10.4±8.7 0.046 9.0 ± 8.6 13.0 ± 7.8 <0.001 

Farea mean/M (%)  6.1±7.6 4.9±6.0 0.092 7.0±6.6 4.5±2.9 0.033 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude  
All variables are expressed as mean values ± SD 
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Ulnar nerve 

 

Figure 6.3  Latency ranges of repeater and non repeater F-waves in the ulnar nerve of 
25 PN-D patients and 25 healthy subjects. The values of Frep latencies are well 
within the middle of Fnonreps values in both groups. 
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Correlations of F-wave findings 

 

The possible relations of Freps parameters with those of Fnonreps and CMAP 

parameters were examined and the meaningful results were as follows: 

 

1. Ratios of mean F/M amplitudes (%) of Freps and Fnonreps had a positive 

correlation for the control group, but not for the patient group (figure 

6.4).  

 

 

Figure 6.4  Correlation scatterplot of mean F/M amplitude ratios in Freps and 

Fnonreps. A strong positive relationship is shown in the healthy 

group only. 
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2. A negative correlation was found between F persistence and Index total 

Freps in the ulnar nerve of the patients, but not in the healthy subjects 

(fig. 6.5). 

 

 
Figure 6.5   Fpersistence and Index Total Freps correlate significantly in PN-

D patients only, compared to healthy 

 

3. No significant relationship was found between CMAP amp and Index total 

Freps in the both patient and healthy (fig. 6.6).  

 

Figure 6.6 No correlation between CMAP amplitudes and Index Total Freps in 
both PN-D patient and healthy groups. 
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4. No correlation between mean values of Fnonreps/Marea% and CMAP 

area was found in the PN-D group (r=0.031, P=0.884), as opposed to 

the healthy group (r= -0.636, P=0.001). 
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CHAPTER 7 

PATIENTS WITH AXONAL NEUROPATHY 
 

7.1 Material 

 

Twenty one patients with an acquired axonal polyneuropathy (PN-A) and 21 

healthy control subjects participated in this study (Table 7.1). The PN-A group 

consisted of 11 patients with diabetic polyneuropathy (DPN), 8 with 

chemotherapy induced polyneuropathy (CIPN) and 2 with chronic idiopathic 

axonal polyneuropathy (CIAP); with disease duration ranging from 8 to 22 

years (mean 16 years), 1 to 8 months (mean 4.5 months) and 3 to 5 years 

(mean 4 years) respectively. The healthy participants were identified within 

the healthy control group previously studied (chapter 4).   

All PN-A patients fulfilled existing clinical and electrodiagnostic criteria for 

axonal polyneuropathy (Kelly JJ, 1983). All DPN patients had clinical and 

neurophysiological findings of a distal symmetrical primarily 

sensory polyneurpathy.  

The severity of the polyneuropathy was graded by calculation of sensory 

and motor sum scores of the upper and lower limbs. The sensory sum score 

ranges from 0 - 96 (0: normal to 96:worst) and grades sensory deficits 

bilaterally in the upper and lower limbs; including touch-pressure, pricking 

pain and joint position and  vibration sense (evaluated with a graduated 

Rydel-Seiffer 64 Hz tuning fork) (see supplementary material for further 

details). Manual muscle strength testing was performed for shoulder 

abduction, elbow flexion, wrist flexion and extension, abduction of fifth digit 

and thumb and hand grip in the upper limb; and hip flexion, knee extension, 

ankle dorsiflexion and plantar flexion in the lower limbs. Scores of muscle 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kelly%20JJ%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=6314134
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strength graded according to the Medical Research Council (MRC) scale and 

resulted in a motor sum score from 0 to 110 for all 4 limbs (0: worst and 110: 

normal muscle strength). 

 

Table 7.1. Demographics of PN-A and healthy study groups 

 PN-A Patients  Healthy 

 DPN CIPN CIAP Total  

      
N 11 8 2 21 21 

Age (years)      

Mean±SD 72.6±8.8 60.3±14.8 6.8±5.7 67.5±12.4 65.4±13.1 

     Range 55-87 39-80 64-72 39-87 37-85 

Sex      

     Male (%) 7 (64) 7 (87.5) 2(100) 16 (72) 16 (72) 

Female (%) 4 (36) 1 (22.5) 0 5 (28) 5 (28) 
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7.2 Results 

7.2.1  Neurological examination findings of the patients 

 

All patients had clinical symptom and signs at the time of study. Neurological 

examination revealed absent or decreased deep tendon reflexes and 

prominent distal sensory symptoms with minimal motor involvement in the 

upper extremities. Mean sensory sum score was 16 (ranging 10- 54) and mean 

motor sum score was 106 (ranging 96 -110). MRC in examined upper limb 

hand muscles was 5/5 in 19 patients and 4/5 in 2 patients. 

 

7.2.2   CMAP parameters 

 

In all patients satisfactory recordings were obtained from the left ulnar and 

forwarded for automated analysis via the F Wave Analyzer. No significant 

differences were found in all CMAP parameters and MCV between PN-A 

patients and healthy subjects (Table 7.2).  

Table 7.2. CMAP parameters of ulnar nerve in 21 healthy subjects and 21 PN-A patients 

Ulnar nerve Patients Healthy P value† 

 DPN CIPN CIAP Total  

       

N 11 8 2 21 21  

Distal lat. (msec) 2.8±0.5 2.9±0.5 3.1±0.0 2.9±0.5 2.7±0.4 0.358 

Amplitude (mV) 6.4±1.4 4.7±1.7 3.3±3.3 5.5±1.9 5.1±1.0 0.420 

Area (mV·msec) 17.4±4.8 13.0±6.1 9.4±9.0 15.0±6.0 13.0±4.4 0.194 

MCV (m/sec) 54.7±7.3 55.5±3.9 50.3±0.1 54.6±5.8 60.5±4.2 0.06 

MCV: Motor conduction velocity. All variables expressed as mean values ± SD  
†P values refer to comparison between total PN-A patients and healthy subjects 
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7.2.3. F-wave findings 

           

An example of a Freps analysis in a CIPN patient is shown in Figure 7.1: 

 

 
Figure 7.1 Freps analysis in a 77 year old male patient with chemotherapy-induced 

polyneuropathy (CIPN). Seven different RNs are identified in the upper screen and 

depicted in different colored boxes. Three groups of repeater F-waves are magnified 

and shown in the lower screen. Fpersistence is 97.5% and Index total Freps 52.5%. 
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Persistence of F-waves and Repeater F-waves 

 

F-wave persistence was significantly lower and all RN and Freps indices 

significantly higher in the PN-A group compared to healthy subjects (table 

7.3).  

 

Table 7.3 Values of F-waves and Freps in 21 PN-A patients and 21 healthy controls 

Ulnar nerve 

 PN-APatients Healthy P value 

F-wave persistence† (%) 79.0±26.6 98.5±2.2 0.005 

Nerves with Frep* (%) 21 13 <0.001 

RN’s† 3.5±1.3 1.0±0.9 <0.001 

Total Freps† 12.0±6.9 2.1±2.2 <0.001 

Index total Freps † (%) 42.2±24.9 5.3±5.7 <0.001 

RNs ≥5 repetitions† 0.6±1.0 0 #NA 

Fnonreps persistence† (%) 49.6±29.0 93.0±9.4 <0.001 

Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total number 

of Freps/total number of traces with F-waves; RNs: F waveforms that appear identical at least twice in 

a series of 40 stimuli; Total Freps: all RNs and their repetitions. 

*Variables expressed as number; † Variables expressed as mean values ± SD; # Not applicable 
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F-waves parameters 

 

All latency measurements (min, max and mean) and FCD were significantly 

prolonged in the PN-A patient compared to healthy group (Table 7.4).   

Mean and max F/M amp ratios tended to be higher in the PN-A group, though 

this difference did not reach the significant level (P=0.054 and P=0.099 

respectively) (table 7.4). 

 

Table 7.4  Parameters of F-waves in 21 PN-A patients and 21 healthy subjects 

Ulnar 

                                              PN-A  Healthy P value 

Flat min (ms) 29.2 ± 3.3 25.0 ± 1.7 <0.001 

Flat max (ms) 35.1  ± 3.5 29.1 ± 1.8 <0.001 

Flat mean (ms) 32.2 ± 3.0 26.8 ± 1.7  <0.001 

FCD (ms) 5.8 ± 2.4 4.1 ± 0.8 0.016 

Famp min (μV) 87 ± 77  52 ± 49 0.087 

Famp max (μV) 767 ± 405 533 ± 279 0.054 

Famp mean (μV) 292 ± 191  204 ± 101  0.072 

Famp min /M (%) 2.1 ± 2.3 1.1 ± 1.1 0.285 

Famp max /M (%)  17.1 ± 13.7 10.4 ± 4.5 0.054 

Famp mean /M (%) 6.7 ± 6.6  4.1 ± 2.2 0.099 

Farea min (μV) 124 ± 156 103 ± 98 0.589 

Farea max (μV) 2136 ± 1200 1621± 904 0.127 
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Farea mean (μV) 705 ± 510 527 ± 302  0.178 

Farea min /M (%) 1.0 ± 1.2 0.8 ± 0.7 0.792 

Farea max /M (%)  17.7 ± 14.4 14.1 ± 11.3 0.242 

Farea mean /M (%) 6.0 ± 6.5  4.4 ± 2.6 0.657 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude  
All variables are expressed as mean values ± SD 
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Comparisons between Freps and Fnonreps parameters 

 

Repeater Fwave and non repeater F-wave variables are summarized in table 

7.5.  

Table 7.5 Variables of Freps and Fnonreps in 21 PN-A patients and 21 healthy subjects 

Ulnar nerve 

 
Patients Healthy  

Freps Fnonreps P value Freps Fnonreps P value 

Flat min (ms) 30.8±3.2 29.7±3.4 0.006 27.0±1.9 25.0±1.7 0.002 

Flat max (ms) 33.4±3.6 35.2±3.4 0.007 28.1±1.6 29.0±1.8 0.054 

Flat mean (ms) 32.0±3.2 32.4±2.9 0.643 27.6±1.6 26.8±1.7 0.012 

FCD (ms) 2.6±1.8 5.5±2.7 0.002 2.0±1.4 4.0±0.8 0.046 

Famp min (μV) 189±168 120±180 0.059 230±180 52±49 0.001 

Famp max (μV) 541±336 710±433 0.042 339±260 520±272 0.011 

Famp mean(μV) 326±190 271±192 0.094 276±190 200±96 0.311 

Famp min /M (%) 3.9±3.4 3.3±5.4 0.117 4.7±4.5 1.1±1.1 0.001 

Famp max /M (%)  13.1±14.3 14.2±8.8 0.171 6.9±5.8 10.1±4.1 0.016 

Famp mean/M (%)  7.3±6.3 6.3±6.8 0.170 5.7±4.7 4.0±2.1 0.279 

Farea min (μV·ms) 405±461 226±509 0.044 486±450 103±98 0.001 

Farea max (μV·ms) 1330±788 2074±1329 0.007 818±673 1596±902 0.005 

Farea mean(μV·ms) 781±503 660±514 0.121 629±470 521±292 0.753 

Farea min /M (%) 3.3±4.4 2.2±4.7 0.687 4.2±4.9 0.8±0.7 0.016 

Farea max /M (%)  12.9±15.4 14.3±7.6 0.077 7.0±6.4 13.9±11.3 0.006 

Farea mean/M (%)  7.1±8.4 5.3±5.4 0.136 5.5±5.2 4.3±2.5 0.861 

Flat: F latency, FCD: F chronodispersion, Famp: F amplitude. All variables are expressed as mean values ± SD. 
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Intra-group: All measurements of latencies (mean, max and mean) in Freps 

and Fnonreps were significantly longer in PN-A compared to healthy group. 

No significant differences in measurements of amplitude and area were 

found. 

Inter-group: Measures of Frep latencies (min and max) were within the ranges 

of Fnonrep latencies, in both healthy and PN-A patients (fig. 7.2). Minimum 

and maximum values of Freps amplitude and area were significantly higher 

than Fnonreps in patients and healthy, but not their F/M  ratios (table 7.5). 

 

 
Figure 7.2 All Freps latencies are ranged within the limits of Fnonreps latencies in both 

PN-A patients and healthy controls  
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Correlations of F wave findings 

 

The possible relationships between Freps parameters and Fnonreps and 

CMAP parameters were analyzed and the meaningful results were as follows: 

 

1. A negative correlation was found between F persistence and Index total 

Freps in the ulnar nerve of the patients, but not in the healthy 

 

 
Figure 7.3  Correlations between Fpersistence and Index Total Freps in PN-A patients and 

healthy. A significant relashionship was found in patients only. 
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2. No correlation between CMAP amplitude and Index total Freps was found 

in both study groups 

 

 

 
 
 

Figure 7.4 No relationship between CMAP amplitudes and Index Total Freps was   
shown in PN-A patients and healthy controls 
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3. Mean and max ratios of Freps/M amplitudes correlated positively with 

Fnonreps/M amplitudes in both patient and healthy groups 

 

 

 

 
 

 

 

 

  
 

Figure 7.5 Correlation scatterplots of F/M amplitude (mean and max) ratios in Freps and 

Fnonreps 
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Maximum ratios of Freps/M areas also correlated well with ratios of 

Fnonreps/M areas in both group. As regards to mean ratio values, there is a 

strong tendency for positive correlation in PN-A patients (p=0.062). 

 
 

 

  
 

 

  
 

Figure 7.6 Correlations of mean and max area ratios in Freps and Fnonreps.  
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CHAPTER 8 

DISCUSSION 

 

This work presents a detailed study of F-waves in various pathological 

conditions, focusing mainly on the existence of Freps and the comparison with 

features of Fnonreps. Although the increased presence of Freps is such 

conditions is long recognized (Peioglou- Harmoussi et al.,1987; Chroni et al., 

2012; Fang et al., 2015), application of this knowledge in routine clinical 

practice remains limited due to extreme difficulty in identification of Freps by 

visual inspection in a long series of F-waves. For the purpose of this study, a 

custom-made software program named F Wave Analyzer was developed and 

updated throughout the course of this research. A final version is currently 

available at https://www.dropbox.com/s/ubbd3yh16tjziml/FWaveAnalyzer-

2.2-win32.exe?dl=0 and can be downloaded for free. ‘The primary advantage 

of this program is the fast processing of data, which requires approximately 5 

minutes, making it suitable for application in a clinical setting. Notably once 

the data is entered, computer analysis is almost immediate and only an extra 

few minutes are needed for the operator to visually confirm the outcome. It 

also provides objective measurements, which are based on predefined 

criteria, common for all recordings, instead of determining identicality on an 

individual basis. Finally, the particular lay-out of the F-wave data divided into 

separate bins, and the optional corrections by the examiner are additional 

convenient features. For all these reasons, the analyzer resulted in prevention 

of: a. underestimation of repeaters’ occurrence when some comparisons have 

been neglected, even with the superimposition of F-waves which is available 

in modern EMG apparatus and b. overestimation when minor differences in F-

waves shape have been ignored’ (Veltsista D. et al, 2019. Published in Clinical 

Neurophysiology and reproduced here). Study of repeaters has been the topic 

https://www.dropbox.com/s/ubbd3yh16tjziml/FWaveAnalyzer-2.2-win32.exe?dl=0
https://www.dropbox.com/s/ubbd3yh16tjziml/FWaveAnalyzer-2.2-win32.exe?dl=0
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of several articles in previously published research (Peioglou-Harmoussi et al., 

1987; Guiloff & Modarres-Sadeghi, 1991; Fisher et al. 1994; Chroni et al. 2012; 

Fang et al. 2015,2016). These authors employed either visual comparison 

alone or when recordings were long copied each F waveform on transparent 

sheet and superimposed them on the others. Even with all the advances in 

modern EMG equipment, where superimposition is available by moving each 

trace, the number of comparisons required makes this procedure 

inappropriate for clinical use. Different research groups have expressed the 

need for computer aided detection of Freps (Pastore-Olmedo et al., 2009; 

Hachisuka et al., 2015), while others have published software to aid Frep 

analysis (Stashuk et al., 1994; Artug et al., 2019), but to date none is available 

for distribution and clinical use. Artug et al. (2020) in response to the query 

raised by Veltsista & Chroni (2020), regarding the use of manual rather than 

automated analysis in their recently published article, admitted that 

recognition of Freps manually is significantly time consuming and may require 

several hours. 

Our main conclusion is that Freps persistence and indices were statistically 

higher in all patient groups compared to matching healthy groups. Although 

statistical differences in Freps frequencies in the first part of the study 

between ALS and healthy groups were found in both ulnar and peroneal 

nerves, this was more evident in the ulnar nerve, which normally has a high 

persistence and variety of F waveforms. Indeed, none of the healthy subjects 

showed 5 or more repetitions of an individual F-wave or 5 or more different 

RNs in a 40 stimuli trial of the ulnar nerve. Additionally, absence or very low 

persistence of F-waves in the peroneal nerve is a common finding not only in 

length-dependent neuropathies but also in the healthy population. We 

therefore, proceeded to study the ulnar nerve only in demyelinating and 

axonal neuropathies. Formal statistical analysis between patient groups was 

not performed in this study due to differences in demographic data. Instead, 
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each group was compared to an age- and sex matched control group. 

Nonetheless, it is apparent that Freps indexes were similar in all patient 

groups and significantly higher compared to healthy subjects, as shown in 

table 8.1.  

Table 8.1 F wave indices in all patient and healthy study groups 

 

For Freps indices analysis we compared the Freps persistence, RNs and 

total Freps with the number of stimuli, F persistence and number of Fnonreps. 

We used F/M ratios for amplitude and area measurements to better match 

the changes of CMAP. 

Ulnar nerve     

 Patients Healthy 

 ALS (N=52) PN-D 

(N=25) 

PN-A 

(N=21) 

(N=52) 

F-wave persistence† (%) 78.1 ± 25.8 74.6±22.1 79.0±26.6 98.7±2.0 

Nerves with Frep* (%) 52 (100) 25 (100) 21 (100) 34 (65.4) 

RN’s† 4.44 ± 2.12 3.76±1.67 3.5±1.3 1.27 ±1.22 

Total Freps† 15.19 ± 6.77 13.52±5.95 12.0±6.9 2.73 ±2.64 

Index total Freps † (%) 53.15 ± 25.82 48.02±21.2 42.2±24.9 6.81 ±6.73 

RNs ≥5 repetitions† 0.94 ± 0.93 0.88 ± 0.78 0.6±1.0 0 

Fnonreps persistence† (%) 41.49 ± 27.25 41.1±22.1 49.6±29.0 91.7±6.9 

 Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total number 

of Freps/total number of traces with F-waves; RNs: F waveforms that appear identical at least twice in a 

series of 40 stimuli; Total Freps: all RNs and their repetitions. 

†Variables expressed as mean values ± SD; *Variables expressed as number 
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Specifically for each of the studied conditions, our findings were as follows: 

 

Amyotrophic Lateral Sclerosis (ALS) 

All Freps indices were significantly increased in ALS patients as opposed to 

healthy subjects in agreement with past studies; however the percentage was 

higher in the present study. Table 8.2 summarizes the findings of previous 

studies, all of which employed manual methods for repeater F-waves 

frequency estimations in the ulnar nerve. ‘We acknowledge that direct 

comparison is not applicable between the different populations in these 

studies, however the following methodological factors could account for 

deviations of their results: a. The lowest amplitude limit of a potential to be 

identified as F-wave; this is usually set at 40μV compared to the 20μV used 

herein. b. The number of traces studied. We have generally accepted a series 

of 40 stimuli adequate for F-wave studies, as the best compromise between 

accuracy, patients’ comfort and practicality (Panayiotopoulos and Chroni, 

1996). c. The severity of clinical involvement of the examined limb in ALS 

subjects (Fang et al., 2016). d. Method of analysis; our measurements for the 

healthy subjects were intermediate compared to those of visual – manual 

superimposition methods, whereas the results for the ALS patients were 

towards the higher published values. This trend was repeated in our findings 

in the peroneal nerve compared to our previous study, which was based on 

visual inspection (Chroni et al., 2012).’ (Veltsista D. et al, 2019; published in 

Clinical Neurophysiology and reproduced here) 
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Table 8.2  Repeater F-waves  occurrence in the ulnar nerve in various studies 

 

N of stim: number of stimuli per nerve; LL of F amp : the lower limit of a potential amplitude accepted 

as F-wave (in μV); N subj: number of subjects per group; Freps persist: percent of total repeater F-

waves in a series of 40 stimuli (mean group value); Index total Freps: 100 x total number of Freps/ 

total number of traces with F-waves (mean group value); *median value is given; # p: pyramidal, 

nonp: without pyramidal signs. (Veltsista D. et al, 2019. Published in Clinical Neurophysiology and 

reproduced here) 

 

 

Study Method N of 

stim 

LL of 

Famp 

Healthy ALS patients 

    N 

subj 

Freps 

persist 

Index 

total 

Freps 

N 

subj 

Freps 

persist 

Index 

total Freps 

          
Peioglou-Harmoussi 

et al. 1987 

Copy on 

transparent  

paper 

200 40 21  3.4 

3.3* 

17  37 

31* 

Guiloff & Modarres-

Sadeghi 1991 

Copy on 

transparent 

paper & 

superimposed 

20 

 

100 

40 

 

40 

11 

 

11 

 5.7 

 

11.2 

   

Fisher  et al. 1994 Visual inspection 100 20 11 19 22    

Chroni et al. 2012 Visual inspection 20 40 50 0* 0* 50 10* 16* 

Fang et al. 2015 Visual inspection 20 

100 

40 

40 

25 

25 

 0* 

3* 

50 

50 

 #p34/ nonp10* 

#p75/nonp15* 

Fang et al. 2016 Manually 

superimposed 

100 

 

40 20  1.5 40  51 in severe 

5 in  mild 

Veltsista et al.2019 F Wave Analyzer 40 20 52 6.7 

5* 

6.8 

5* 

52 37 

40* 

53 

50* 
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‘The enhanced repeater occurrence in ALS patients could theoretically be 

due to a combine effect of upper and lower motor neuron process. Reduction 

in the number of motor neurons capable to produce F waves is a simple 

explanation. However, the appearance of several repetitions of RNs implied 

that the surviving motor neurons generate F-waves more frequently than 

expected according to SFEMG study (Schiller and Stålberg, 1978). In our 

previous study we showed that submaximal stimulation of the ulnar nerve in 

healthy individuals resulted in increased Freps persistence, though in no cases 

RNs had 4 or more repetitions in a trial (Chroni et al., 2017). This could be 

attributed to an abnormally increased ability of the remaining intact neurons 

to generate recurrent impulses, either as a compensation mechanism or due 

to release from central or local inhibitory control (Petajan 1985; Mesrati and 

Vecchierini, 2004). The role of glutamate excitotoxicity causing 

corticomotoneuronal hyperexcitability (Bae et al., 2013; de Carvalho et al., 

2014) which results in overproduction of F-waves by some neurons, as a 

transient phenomenon prior to their degeneration, could also be considered. 

It should be noted, however, that repeater F-waves is not a pathognomonic 

finding for ALS. In conditions such as radiculopathy, carpal tunnel syndrome, 

and ulnar mononeuropathy repeaters were also increased (Macleod, 1987; 

Pastore-Olmedo et al., 2009; Chroni et al., 2012). In general, it is reasonable to 

assume that repeaters accumulate in situations where, for any reason, some 

neurons become incapable to generate F-waves. This concept was confirmed 

in the current setting, where a reversed relation between reduced F-wave 

persistence and increased Freps was found. 

F-wave amplitude measurements were significantly higher in the ALS 

compared to the healthy group, confirming older studies (Panayiotopoulos 

and Chroni, 1996; Drory et al., 2001; Mesrati and Vecchierini, 2004), but these 

large F waves were either repeaters or non repeaters. More so, in the healthy 

subject group, where the number of repeaters was small, the highest 
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amplitude F-waves belonged to the Fnonreps category. Amplitude increase in 

ALS may be the result of F-waves generation by enlarged, reinnervated motor 

units and/or a higher number of motor units per F-wave, which were 

synchronized due to the pyramidal lesion (Felice, 1998; de Carvalho et al., 

2002).  

Latency measurements of Freps in both nerves in ALS group, showed a shift 

towards the longer values, implying that they are more likely to be generated 

by small type I, slow conducting neurons. It is known from experiments 

studies in human and animal models that the subpopulation of fast 

conducting, type II neurons are particularly vulnerable to degeneration in ALS 

(Kanning et al., 2010). Thus, one can speculate that type II motor neurons 

become less capable of responding due to their early involvement in the 

pathology, while the surviving small, type I neurons continue to elicit F-waves, 

possibly more so under the influence of increased central excitability (Mesrati 

and Vecchierini, 2004). In the healthy subjects, however, where the absolute 

numbers of Freps were small, the latency range of Freps was narrow and fit in 

the middle of the Fnonreps range; this is an expected finding from a statistical 

point of view and did not suggest a preferential generation of Freps by a 

certain motor neuron subgroup.  

In conclusion, the F-wave study in ALS showed infrequent and high 

amplitude F-waves, many of which were Freps. A lower motor neuron in order 

to generate an F response at any given time does not act in isolation but in 

conjunction with other neurons within the pool, intermediate neurons and 

under the influence of central drive. Therefore, it is assumed that changes in 

the appearance of F-waves in a nerve reflect the status of the motor neuron 

pool as a whole. In a chronic degenerating process, like ALS, signs of motor 

neuron pool dysfunction are expected to be present long before the obvious 

clinical manifestations in the same domain. Once repeater F-waves evaluation 

becomes part of the routine, the usefulness of the above described ALS profile 
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for monitoring over time could be assessed along with the existing markers 

(de Carvalho and Swash, 2016) in clinical trials concerning new drugs efficacy. 

Overall, a quick and reliable automatic method to identify F-repeaters could 

be proven useful in more clinical settings than just ALS. With this intention, 

the next step will be to refine the F Wave Analyzer software and standardize 

the procedure, which will be available free of charge to use by every 

interested scientist for off-line analysis of Fwave data.’ (Veltsista D. et al, 2019. 

Published in Clinical Neurophysiology and reproduced here). 

 

 

Demyelinating Polyneuropathies (PN-D) 

 

Similarly in the PN-D group, the main finding was an increased number of 

repeaters and their indices compared to healthy. There are two possible 

explanations for this. Firstly, the reduction of persistence allows the 

identification of RNs within the population of F-waves. More specifically, 

under normal conditions a given neuron (neuron 1) could produce an F 

response either alone or in a combination with neuron 2 or 3. In the latter 

cases, two different F-wave shapes appear i.e. 1+2 and 1+3. If neuron 2 and 3 

are no longer capable of producing F-waves due to blocked conduction, then 

neuron 1, which remains intact, will appear as a RN with 3 repetitions in total, 

despite the fact that in both conditions, healthy and demyelinating, neuron 1 

produces the same number of F-waves. The other possibility would be a 

modification of local coordination of motor pool activity due to reduced 

inhibition from neighboring MNs. The theory that ‘low numbers of motor 

neurons in a pool result in higher repeater presence’ has been shown in 

healthy individual with reduced stimulus level (Chroni et al.2017). One could 

therefore assume that Freps is a phenomenon of poverty in F-wave 
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production due to either structural loss of neurons (as in ALS and axonal 

neuropathies) or temporal obstruction of conduction (as in demyelinating 

neuropathies) or even to stimulating failure (as in submaximal stimulus in 

healthy subjects). Repeaters are regular F-waves in terms of configuration and 

conduction properties. Moreover, interestingly, Freps are not significantly 

higher than Fnonreps in amplitude in any patient. These two findings imply 

that RNs are not preferential motor neurons in terms of conduction as well as 

excitability. 

Similar to ALS, the positive correlation seen in healthy between amplitudes 

and areas of Freps and Fnonreps was lost, possible implying a selective 

involvement of motor neurons. This finding, presented herein for the first 

time, has to be examined further as a sign of alteration of the relations 

between motor neurons within a pool.  

However, unlike ALS, increases in Freps frequencies and indices did not 

correlate strongly with CMAP amplitude reduction, reflecting the presence of 

other distinct pathophysiologic processes in Freps generation in these two 

diseases. Another difference between ALS and PN-D was that ratios of F/M 

amplitudes were significantly increased only in the ALS group, a finding that 

has been attributed mainly to pyramidal involvement and reinnervation.  

This study showed a greater than normal number of repeaters in 

proportion to reduction of F-waves persistence. In agreement to this study, 

Geijo-Barrientos et al (2012) also observed a high number of Freps in lower 

limb nerves in early stage of GBS, implying that this finding could be an early 

sign of demyelination.  

It should be noted, however, that assessment of Freps in demyelinating 

polyneuropathies does not enhance diagnostic sensitivity in clinical settings, 

since by the time that Freps increased in numbers, other demyelinating 
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features are also present. Nonetheless, it provides new insight into 

pathophysiological mechanisms. No special characteristics of excitability were 

seen in these RNs compared to non repeaters F-waves, which argues against 

selectivity of neurons producing Freps. The possible role of monitoring Freps 

in follow-up examinations for detection of disease progression has not been 

considered in the present study. 

 

 

Axonal Polyneuropathies (PN-A) 

 

All Freps indices in this group were significantly increased, although most 

cases had normal CMAP measurements. Indeed, motor conduction of the 

ulnar nerve was marginally affected since this group of patients had very mild 

symptoms in their upper limbs due to the nature of these length dependent, 

predominantly sensory neuropathies. Another limitation of this study was the 

relatively small sample size and diverse PN-A subgroups.  

The literature on F-waves in axonal polyneuropathies is limited mostly to 

studies in diabetic polyneuropathy. Fraser and Olney (1992) concluded that F-

wave studies are more sensitive than motor conduction studies in axonal 

polyneuropathies. A study of F-waves in diabetic polyneuropathy showed that 

Flat minimum was a more sensitive indicator of nerve conduction 

abnormalities than sural nerve parameters and conduction velocities and 

amplitudes of motor nerves in the upper and lower limbs. (Andersen et al, 

1997).  There are only two studies reporting a significant increase in Freps 

indexes in diabetic polyneuropathy compared to healthy (Hasagawa, 2001; 

Chroni et al 2012).  



141 
 

As in ALS and PN-D patient groups, a strong negative correlation between 

Index Total Freps and F persistence was observed.  However, in this group the 

relationship between Freps and Fnonreps amplitudes and areas persisted as in 

healthy subjects. A possible explanation could be the minimum damage of the 

ulnar nerve in the axonal neuropathies studied herein i.e. diabetic and toxic 

neuropathies. Indeed, no such relationship was evidenced in the PN-D and ALS 

group, where the nerves were clearly more affected. 

Latencies of Freps in both PN-D and PN-A where well within the range of 

Fnonreps latencies as in healthy subjects; but opposed to ALS where Freps 

were towards the upper limits of Flat maximum. 

 Unlike CMAP which provides an overall estimation of the motor neuron 

pool, F-waves are generated by a few MNs and offer an insight of this motor 

neuron population. Under various pathological conditions alterations of F-

wave characteristics reflect the changes of individual MNs function and their 

influences from or towards neighboring MNs. Therefore the presence of Freps 

can be used as an early sign of pathology. 

In general, routine studies of repeater F-waves are not recommended as a 

method to differentiate between PN-D and PN-A. In either condition, the 

enhanced appearances of Freps signify pathology of motor neurons or their 

neuraxons. 

 

 

In closing, two fundamental questions are raised: 

Question #1: Are repeater F-waves always signs of pathology? 

Answer: Their presence has been shown in healthy individuals with reduced 

stimulus level. RNs with 5 or more repetitions never appeared in healthy 

subjects, in none of the routine studies (20-40 stimuli) (Chroni et al., 2012; 

Chroni et al., 2017 and present). Even in submaximal stimulation of healthy 

nerves the general appearance of Freps was relatively lower compared to 
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pathological conditions, as shown in Table 8.3. These findings lead us to 

suggest that Freps generation in pathology can not only be attributed to a 

smaller number of MNs, but also requires activation of additional 

compensatory mechanisms. 

 

Table 8.3   Repeater F-waves in healthy subjects at 3 different stimuli levels and patients  

with demyelinating and axonal polyneyropathy 

Freps persistence: percent of total Freps in a series of 40 stimuli; Index total Freps: 100 x total number 

of Freps/total number of traces with F-waves; RNs: F waveforms that appear identical at least twice in 

a series of 40 stimuli; Total Freps: all RNs and their repetitions. 

† Variables expressed as median values  (10
th

-90
th

 percentiles) ‡ Variables expressed as median values  
(25

th
-75

th
 percentiles)   *Variables  expressed as absolute numbers 

 

 

Ulnar nerve      

 Healthy (N=12) Patients 

 100 60 30 PN-D 

(N=25) 

PN-A 

(N=21) 

F-wave pers† (%) 100 

(95-100) 

94 

(62-100) 

73‡ 

(34-95) 

76 

(36-100) 

95 

(32-100) 

Nerves with Frep*(%) 7 (58) 10 (83) 11(92) 25 (100) 21 (100) 

RN’s† 1  2  3  4 3 

Total Freps† 2 3  6  14 10 

Index total Freps ‡ (%) 5  

(0-10) 

9 

(5-11) 

19 

(16-24) 

50 

(31-63) 

33 

 (21-52) 

RNs ≥5 repetitions† 0 0 0 1 

(0-2) 

0 

(0-3) 
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Question #2:  Are RNs always single motor neurons? 

Answer:  Based on studies in healthy subjects (Schiller &  Stålberg, 1978) 

the presence of repeaters in normal nerves are so rare that at least in this 

group RNs are probably elicited from only one motor unit. This may not be the 

case in pathological conditions were a severe reduction of motor neurons 

capable to produce F waves is observed (Figure 8.1)  

 

 

Figure 8.1  Single and complex Repeater F-waves. F wave recordings in a patient with 

L5 radiculopathy (left) and chronic idiopathic axonal polyneuropathy (right)  

(source: Prof. Chroni's personal archive). 

Note how some waveforms (blue and red arrows) are recorded not only as an 

individual F-wave but also in more complex waveforms. This finding suggests that in 

pathological condition Freps can be produced by more than one motor neuron. 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Schiller%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=621530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stalberg%20E%5BAuthor%5D&cauthor=true&cauthor_uid=621530
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CHAPTER 9 

CONCLUSIONS 
 

1. There is a statistically significant increase in all Freps indexes in 

neurogenic conditions. 

2. No single Freps measurement is indicative of a specific 

pathophysiological process. 

3. There is no evidence of consistent differences between parameters of 

Freps and Fnonreps in the same recordings. 

4. The mechanism of Freps production is not necessary the same in 

various diseases; in ALS in addition to LMN dysfunction there is UMN 

involvement which could alter the mechanism of F-wave production. 

Likewise in chronic neuropathies where reinnervation takes place, 

Freps could reflect structural changes of motor units; whereas in 

demyelinative neuropathies with conduction block, Freps could be 

mainly the result of temporal non function of the units. 

5. None of the Freps indexes appear to be superior to the others. 

However it is our impression that Index Total Freps seems to be more 

appropriate for all pathological conditions. 

6. The main advantages of the computer aided analysis are: 

i. less time consuming, 

ii. accuracy,   

iii. reproducibility and 

iv. data storage. 

7. We consider the ulnar nerve more suitable for repeater F-waves 

estimations compared to the peroneal nerve, since the latter even in 

healthy individuals has low F-wave persistence and higher number of 

repeaters, possible due to subclinical radiculopathy  
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CHAPTER 10 

FUTURE RESEARCH 
 

Several F-wave parameters are abnormal in neurogenic conditions but none 

are pathognomonic for a particular process (see supplementary material 

No.4). Our long experience in the study of F-waves leads us to believe that a 

combination of multiple F-wave parameters can improve diagnostic accuracy, 

sensitivity and specificity. We plan to combine Freps frequencies and 

amplitude measurements in ALS studies; and Freps frequencies and FCD 

measurements in peripheral neuropathies.  
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ACRONYMS 
 

AIDP Acute Inflammatory Demyelinating Polyneuropathy  

ALS Amyotrophic Lateral Sclerosis 

AMAN Acute Motor Axonal Neuropathy 

AMSAN Acute Notor and Sensory Axonal Neuropathy 

APB Abductor Pollicis Brevis  

CB Conduction Block  

CIAP Chronic Idiopathic Axonal Neuropathy 

CIDP Chronic Immune  Demyelinating Polyneuropathy 

CIPN Chemotherapy-induced peripheral neuropathy  

CMAP Compound Muscle Action Potential 

CNS Central Nervous System  

CTS Carpal Tunnel Syndrome  

CSF Cerebrospinal Fluid  

CV Conduction Velocity 

DM Diabetes Mellitus 

DPN Diabetic Polyneuropathy  

EDB Extensor digitorum brevis  

EDX Electrodiagnostic 

EMG Electromyography 

FCV F-wave conduction velocity  

Famp F-wave amplitude 

Farea F-wave area 

FCD F chronodispersion 

Flat F-wave latency 

Freps Repeater F-waves 

Fper F-waves persistence 

Fnonreps Non repeater F-waves 

IS Initial Segment  
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GBS Guillain-Barré syndrome 

LLN Lower Limits of Normal  

LMN Lower Motor Neuron  

MADSAM Multifocal Acquired Demyelinating Sensory and Motor 

Neuropathy  

MCV Motor Conduction Velocity 

MFS Miller Fisher syndrome  

MMN Multifocal Motor Neuropathy  

MN Motor Neuron 

MUP Motor Unit Potentials  

NCS Nerve conduction studies  

NINDS National Institute of Neurological Disorders and Stroke  

PN-D Demyelinating  Polyneuropathy 

PN-A Axonal Polyneuropathy 

RN Repeating Neuron  
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SFEMG Single Fiber Electromyography  

SNAP Sensory Nerve Action Potential 

TOS Thoracic Outlet Syndrome  
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Table 8.3:    Repeater F-waves in healthy subjects at 3 different stimuli levels and patients  

with demyelinating and axonal polyneyropathy 
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Appendix III:                    LIST OF PICTURES 
 

 

 

Picture 1.1: Generation and recording of an F-wave 
 

Picture 1.2: The pathway of electrical activity along a motor nerve that results in an 
F-wave.  
 

Picture 1.3:   
 
Picture 1.4: 
 

Influences on motor neurons (MNs). 
 
F-wave latency 

Picture 1.5:  
  
Picture 1.6:   
 

F-wave amplitude 
 
F-wave duration 

Picture 1.7:   
 

F-wave area 
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Appendix III:                     SUPPLEMENTAL MATERIAL  

 

1. Overall Neuropathy Limitations Scale (ONLS)  

 

Reproduced by Graham RC and Hughes RA, A modified peripheral neuropathy scale: the Overall 
Neuropathy Limitation Scale. Journal of Neurology, Neurosurgery and Psychiatry Vol.77(8), pp.973-
976, copyright © 2006 with permission from BMJ Publishing Group Ltd. 
https://jnnp.bmj.com/content/77/8/973 

 

https://jnnp.bmj.com/content/77/8/973
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2. GBS Disability Scale  

 

0 Healthy 

1 Minor symptoms or signs of neuropathy but capable of manual work/capable 

of running 

2 Able to walk without support of a stick (5m across an open space) but 

incapable of manual work/running 

3 Able to walk with a stick, appliance or support (5m across an open space) 

4 Confined to bed or chair bound 

5 Requiring assisted ventilation (for any part of the day or night) 

6 Death 

Reproduced from: van Koningsveld et al. A clinical prognostic scoring system for Guillain 
Barré syndrome. Lancet Neurol. 2007 Jul;6(7):589-94 Copyright © (2007), with permission from 
Elsevier. https://www.thelancet.com/article/S1474-4422(07)70130-8/fulltext 
Lancet special credit - "Reprinted from The Lancet, Vol.2 (8093), Hughes RA, Newsom-Davis JM, 
Perkin GD, Pierce JM., Hughes RA, Newsom-Davis JM, Perkin GD, Pierce JM. Controlled trial of 
prednisolone in acute polyneuropathy, pp 750-3, Copyright © 1978, with permission from Elsevier. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.ncbi.nlm.nih.gov/pubmed/17537676
https://www.ncbi.nlm.nih.gov/pubmed/17537676
https://www.thelancet.com/article/S1474-4422(07)70130-8/fulltext
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3. Sensory Examination Scale 
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4. Highly significant findings in ALS, PN-D and PN-A patients compared 

to healthy subjects 

 
Healthy ALS PN-D PN-A 

CMAP parameters     

Latency  + + x 
Amplitude  - - x 
Area  - x x 
MCV  - - x 
     
F parameters     
Latency (min, max, mean)  + + + 
F/M amp  + x x 
F/M area  + x x 
     
Freps vs Fnonreps     
F/M amp mean Freps>Fnon Freps>Fnon Freps>Fnon x 
F/M amp max Fnon>Freps x x x 
F/M area mean Freps>Fnon Freps>Fnon x x 
F/M area max Fnon>Freps x Fnon>Freps x 
     
Correlations Freps-Fnonreps     
F/M amp mean  x x  
F/M amp meax  x x  
F/M area mean  x x High tendency 

F/M area max  x x  
     
Other correlations      
CMAP amp-Index total Freps x ─ x x 

     
Fpers-Index total Freps x ─ ─ ─ 
     
Fnon/M area - CMAParea     
mean ─ x x ─ 
max ─ x x x 

+ significantly longer   /   - significantly shorter   /    x no significant difference  

 significant positive correlation /   ─  significant negative correlation 


