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Our clinical observation that after electrical dorsal 

column stimulation in some patients with chronic 

non-oncological pain, the pain alleviating effect 

diminished over time, triggered this research 

project. Besides the well known causes like scar 

tissue around the electrode, electrode migration 

and change in the course of the underlying 

disease, the therapy failed in some patients for 

unknown reasons.

Secondly, the fact that neuropathic pain due to 

traumatic peripheral nerve injury produces sensory 

disturbances and a volley of impaired afferent 

information (Woolf, 1993; Dellemijn, 1997; Woolf 

and Mannion, 1999), had to have demonstrable 

functional cortical effects. The study of both issues 

started in 1993. The first magnetoencephalograph 

(MEG) in The Netherlands was manufactured 

and made available for research at the Low 

Temperature Division of the Twente University, 

and the first MEG was measured on the 3rd of 

May, 1976.

Torpedo fish

(Genus Torpedinidae)

The use of electrical energy to treat 

some types of pain dates back 

to Scribonius Largus, the Roman 

physician under the rule of emperor 

Claudius. In A.D 47 he described the 

use of electrical energy to treat some 

forms of pain by using the torpedo fish. 

Torpedo stems from Latin “torpere”, 

meaning “paralyzing or stiffening” 

and refers to the effects after human 

contact with the fish. The fish was 

used by the Greek to treat pain during 

childbirth and operations (Lazorthes et 

al., 1985; Bullock et al., 2005). 

Neuromodulation is a recognized 

invasive therapy since its introduction 

in 1967 (Shealy et al., 1967). Two 

types are recognized in chronic non-

oncological pain patients: Spinal 

Cord Stimulation (SCS) or Dorsal 

Column Stimulation (DCS), and the 

intrathecal administration of morphine 

(Spincemaille et al., 2004; Theuvenet et 

al., 2005).
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General aims of the study

The general aim of the study was to investigate 

the cortically evoked responses after standard 

electrical median and ulnar nerve stimulation in 

two patient groups with either a Complex Regional 

Pain Syndrome (CRPS) type I or II, and compare 

the results with those in healthy subjects using 

identical measuring procedures. Five specific 

investigations were executed. 

Specific investigations

I.   to examine the stability and repeatability 

of evoked responses after standard 

electrical median, ulnar and posterior 

tibial nerve stimulation in the cortex of 

the brain in two studies of patients with 

a unilateral peripheral nerve injury and 

neuropathic pain. 

II.   to study the characteristics of the 

cortically evoked magnetic responses in 

healthy subjects after electrical median 

and ulnar nerve stimulation as a frame 

of reference for the measurements in the 

two patient groups. 

III.  to examine the characteristics of the 

cortically evoked responses in two patient 

groups: CRPS I and CRPS II.

IV.   to compare the characteristics between 

the three groups: (a) healthy subjects; (b) 

CRPS I patients and (c) CRPS II patients. 

V.  to assess the functional cortical 

differences between these three groups 

and determine whether different cortical 

profiles exist. 

In Chapter 2.1-2.4, an introduction into the 

neural circuitry involved in afferent information 

processing in the somatosensory nervous system 

is presented, including a short overview of 

neural plasticity changes and the body schema. 

In Chapter 2.5 an introduction is presented 

of CRPS I and II. Chapter 3.1 introduces and 

outlines magnetoencephalograph (MEG) as a 

neuroimaging and brain mapping technique. 

Chapter 3.2 presents the set up of the study, the 

materials and methods. Chapter 4 describes the 

results of the study in a group of patients with 

a peripheral nerve injury and chronic pain using 

MEG and EEG. Chapter 5 describes the cortical 

evoked characteristics of a group of healthy 

subjects after standard median nerve stimulation. 

Chapter 6 describes the cortical evoked magnetic 

responses after median and ulnar nerve stimulation 

in healthy subjects. Chapter 7 dealt with the 

question whether, like in motor handedness and 

lateralization, sensory handedness could be 

demonstrated. Chapters 5, 6 and 7 present the 

results after measuring healthy subjects and are 

to be considered as a normative database to this 

study. Chapter 8 describes the results of the study 

of patients with a proven peripheral nerve injury 

(PNI) and continuous neuropathic pain, some 

with full clinical CRPS II manifestation. Chapter 

9 presents the results of comparisons in and 

between (a) a healthy control group; (b) patients 

with a PNI and (c) patients with a CRPS I. Chapter 

10 presents Discussions and Conclusions. 
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2.1 The peripheral receptor   

Fig.1. Nociceptor connections from the skin with Rexed areas 

I, II and V in the dorsal horn.

With permission: A. Dubin, Dept. of Biology, La Lolla, 

California, USA, J Clin Invest 2010.

Processing of information in the somatosensory 

nervous system, including pain, follows specialized 

neural pathways that start in the periphery of 

the body and end in the central nervous system 

(2 Guyton, 1976; 2 Willis et al., 1985; Almeida et 

al., 2004). Neuroanatomy, neurochemistry and 

neurophysiology are basic areas of interest in 

relation to the function of the somatosensory 

system (Anand and Carr, 2005). All sensory 

systems have in common that perception starts in 

a specialized receptor (1Martin, 1991). Stimulation 

of a specialized receptor and the following 

transduction of the stimulus into the receptor 

potential, is the first step from perception towards 

sensation; this is common for vision, hearing, 

touch, taste, and smell. In the somatosensory 

system, receptors are distributed throughout the 

whole body (Kniyihar-Csillik, 1990; 1 Martin, 1991; 

Reichling and Levine, 2009).  

Transduction is the conversion of energy from 

the stimulus into electrochemical energy (Fields, 

1990; Lumpkin et al., 2007). The resulting 

encoded stimulus is transmitted along parallel 

and hierarchical pathways to e.g. the thalamus 

and from there to other subcortical and cortical 

areas (3 Willis, 1985; Fields, 1990; Kaas, 2004) so 

that its meaning may become clear to the mind 

(1 Guyton, 1976; Lumpkin et al., 2007). Stimulus 

information is enclosed in a series of action 

potentials by a process called neural encoding. 

These neural codes may arise from single neurons 

or a population of neurons (2 Martin, 1991). 

Information in the somatosensory nervous system 

means e.g. the position of a limb, the intensity 

of pain, touch or temperature. Sensory systems 

are topographically organized, indicating that the 

different parts of the peripheral receptive sheet 

are orderly represented in subcortical and cortical 

areas. This is called somatotopy (Baumgartner et 

al., 1991; 3 Martin, 1991; Jain et al., 1998; Hlustík 

et al., 2001; Young et al., 2004), and is illustrated 

on the cortex by the homunculus (Penfield and 

Boldrey, 1937). The somatosensory homunculus, 

representing various body parts were studied non-

invasively, using magnetoencephalography (Narici 

et al., 1991; Kakigi et al., 2000). While in other 

systems a single modality is mediated (vision or 

taste), in the somatosensory system many kinds 

of stimuli are processed. In this system, touch, 

proprioception, pain and thermal sensations are 

the four elementary modalities (2Martin et al., 

1991; Dubin and Patapoutian, 2010).       

Pain, like the other sensory modalities, depends 

on the activation of a discrete set of neural 

pathways, which includes primary afferent fibres 

that terminate distally in nociceptors (Kelly, 1991). 

C.S. Sherrington postulated in 1906 that part of 

the somatosensory system signals tissue injury 

which may result in pain sensation (Gebhart, 

2004). It lasted another 60 years before the 

existence of two types of nociceptors in humans 
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was demonstrated. A nociceptor is defined as 

“a receptor sensitive to a noxious stimulus or 

to a stimulus which would become noxious if 

prolonged” (Perl, 1984). Nociceptors are the 

termination of small myelinated A-delta fibres 

(Burgess and Perl, 1967) or the non-myelinated 

C-fibres with bare endings (Bessou and Perl, 

1969; Handwerker, 1991; Mason, 2007). C-fibre 

density in human skin is probably higher than 

A-delta fibre density (Bragard et al., 1996). 

Furthermore, in the different tissues, more than 

one type of nociceptor can be present (Perl, 1984; 
2 Willis, 1985; Heppelman, 1990; Handwerker, 

1991). Nociception is the neural process in the 

somatosensory nervous system that encodes and 

processes noxious stimuli (Loeser and Treede, 

2008).   

Recently, it was reported that in different species 

the proportion of nociceptors in cutaneous 

afferent A-beta fibers, may vary from 18% to 

65%, and usually >50% in rodents. In rat, about 

20% of all somatic afferent neurons with A-alpha/

beta-fibers are nociceptive (Djouhri and Lawson, 

2004; Dubin and Patapoutian, 2010). Proof that 

nociceptors mediate pain in humans comes from 

clinical and experimental observations following 

stimulation or ablative procedures (5 Willis, 1995). 

In between, five classes of nociceptors in the skin 

and the subcutaneous tissue have been identified 

(Dubin and Patapoutian, 2010) which are activated 

by mechanical, thermal and chemical stimuli. 

Stimulation of cutaneous A- δ nociceptors will 

produce a “pricking pain” (Konietzny et al., 1981) 

in contrast to the dull burning pain after stimulation 

of C-nociceptors (Ochoa and Torebjörk, 1989). 

Nociceptors are also found in the supportive 

tissues of peripheral nerves and may give rise to 

nocigenic nerve pain (Asbury and Fields, 1984). 

In response to environmental circumstances (i.e. 

tissue damage), neuroplasticity changes occur 

from the peripheral receptor to the dorsal root 

ganglion (Kniyihar-Csillik, 1990; 1,2 Snow et al., 

1991; Duggan et al., 1991; Reichling and Levine, 

2009). In the dorsal root ganglion somatotopy 

is maintained (Hallin, 1990, 2001; Hlustík et al., 

2001). 

 

2.2 The afferent pathways

 

(with permission from Prof. Dr. R. Nieuwenhuys)

Roman numbers depict various cytoarchitectonic layers in the 

grey matter of the spinal cord according to Bror Rexed (1952). 

stt = spinothalamic tract (dark blue); medps = medial pain 

system (cyan); latps = lateral pain system; dpcs = descending 

pain control system (red); pdcp = postsynaptic dorsal column 

pathway (green). Blue lines depict connections from the dorsal 

root ganglion, through laminae I and V to the contralateral side 

of the spinal cord.   

The central terminals of primary afferent fibres 

branch upon entering the spinal cord, and 

terminate in different ways and at different levels. 

Here the first relay point for somatic sensory 

information is found (2 Willis, 1985; Rethelyi, 

1990). This includes processing of nociceptive 

information (Heppelman et al., 1990). Lamination 

of the spinal cord was initially demonstrated in 

cats by Rexed, and later in humans (Rexed, 1952; 
1 Nieuwenhuys, 2008). The trigeminal system will 

not be discussed since it is not relevant for the 

present study. 

In humans, starting at the level of the spinal cord, 

several afferent pathways are distinguished (3,4 

  2
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Willis, 1985; 1 Burt, 1993; 7 Willis and Westlund, 

1997; Kaas, 2004; Almeida et al., 2004; 
1,2 Nieuwenhuys, 2008). The AnteroLateral System 

(ALS) consists of three closely positioned afferent 

pathways in the white matter of the spinal cord 

and includes: 

1) The spinothalamic tract (STT), arises from 

laminae I, IV-VIII and ascends in the contraleral 

anterolateral funiculus (see Fig. 1- latps), to the 

lateral part of the brainstem and ends in the lateral 

thalamus (Kaas, 2004; Almeida et al., 2004; 1 

Nieuwenhuys, 2008). In monkeys, a smaller 

proportion of the fibres in the sacral cord do 

not cross the midline and run ipsilateral (3 Willis, 

1985). Afferent information from the arm and leg 

in healthy subjects, as confirmed by using Diffuse 

Tensor Imaging (DTI), is kept segregated in the 

ascending tracts and somatotopy is maintained 

(Hong et al., 2011). The STT conveys somatic 

information on pain, temperature and light 

touch (1 Burt, 1993). The STT, originating from 

laminae I and V, is probably the most important 

human pathway involved in pain processing and 

constitutes the first part of the lateral pain system 

(1 Willis, 1985). In humans, functional changes in 

the STT were demonstrated after a percutaneous 

cervical cordotomy in patients with pain due to 

a malignancy, indicating that pain modulation 

occurs rapidly after deafferentation (Rosso et al., 

2003). 

2)  The spinoreticular tract (SRT) in monkeys arises 

from laminae VII and VIII, partly from laminae I and 

V (3 Willis, 1985). The spinoreticular tract presents 

two projection components in the brain stem; (1) 

to the lateral reticular formation, involved in motor 

control and (2) the second directed to the medial 

reticular formation involved in mechanisms of 

nociception (Almeida et al., 2004). At the cervical 

enlargement, equal amounts of neurons cross 

contra laterally or run ipsilaterally. At the lumbar 

enlargement more cells project contralaterally 

(1 Willis, 1985). This indicates that in monkeys 

the SRT pathway conveys information to the 

cortex bilaterally. The SRT ascends in the 

ALS more medially compared to the STT (see 

Fig. 1- medps), and terminates in the medial 

part of the thalamus (2 Nieuwenhuys, 2008). 

Spinoreticular neurons, activated by antidrome 

stimulation were nociceptive (3 Willis, 1985). 

3) The spinomesencephalic tract (SMT) crosses 

the midline and conveys nociceptive information 

to the midbrain (3 Willis, 1985; 2 Burt, 1993), among 

others the lateral peri-aquaductal grey, and the 

superior colliculus. Ablative procedures in humans 

have demonstrated that the SMT participates in 

pain mechanisms by activating midbrain neurons 

(3 Willis, 1985). Most fibres of the ALS cross in 

the ventral white commissura, however a distinct 

ipsilateral part exists (2 Nieuwenhuys, 2008). 

4) The spino-parabrachio-amygdaloid pathway 

(SPAP) originates from cells in lamina I. Its 

trajectory is comparable to the ALS in that 

SPAP axons decussate. At the level of the 

pons, this pathway connects to the parabrachial 

nuclear complex and proceeds from there to 

the amygdala which are considered to be part 

of the limbic system (2 Nieuwenhuys, 2008). 

5) The spino-limbic projections arise from the SMT 

and SPAP and connect to the limbic system. This 

includes the cingulate cortex, amygdala and peri-

aquaductal grey and the hypothalamus (3 Burt, 1993). 

6) The postsynaptic dorsal column pathway 

(PDCP) is located dorsally in the spinal cord, and 

was known to convey touch but in rats visceral 

nociceptive afferents have been demonstrated 

as well (Al-Chaer, 1998; 6 Willis et al., 1999). The 

PDCP ascends ipsilateral at the site of entry, 

and connects to either the nucleus gracilis or 
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(with permission from Prof. Dr. R. Nieuwenhuys)

Fig. 1 presents a saggital overview of the ascending pathways in the spinal cord, subcortical and cortical structures and descending 

pathways. Alf = anterolateral funiculus; cing = cingulate cortex; dcn = dorsal column nuclei; dpcs (red) = descending pain control 

system; ins = insular cortex; Latps (dark blue) = lateral pain system; medps (cyan) = medial pain system; pdcp (green) = postsynaptic 

dorsal column pathway; pag = peri-aquaductal grey; rf = reticular formation; SI = primary somatosensory cortex; SII = secondary 

somatosensory cortex; vpi = ventral posterior inferior thalamic nucleus; vmp = ventral medial posterior thalamic nucleus;  vpl = ventral 

posterior lateral thalamic nucleus; vpm = ventral posterior lateral thalamic nucleus.
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cuneatus in the brainstem. Besides nocigenic 

visceral pain, nociceptive pathways in the PDCP 

are not essential for human pain (5,6,7 Willis, 

1995, 1999,  2001). Plasticity in this pathway 

was demonstrated (3 Snow et al., 1991). Fig. 

1 summarizes in a saggital overview afferent 

and efferent (red = descending) pathways, and 

cerebral structures involved in somatosensory 

processing of information, including nociception. 

The medial (medps) and lateral (latps) pathways 

of the pain system are depicted in different colors. 

Descending inhibition in red. 

7) The spino-cerebellair pathway, arising from 

laminae I-VI, conveys mainly proprioceptive 

information to the ipsilateral cerebellum and has 

no direct relevance for the present study (2Burt, 

1993).

In conclusion, the neuroanatomy reveals that 

in the afferent somatosensory nervous system, 

information is conveyed centrally both in a 

contralateral and ipsilateral way and in all afferent 

pathways, plasticity has been demonstrated.    

2.3 Central processing  

The pain system (3 Willis, 1985) or the pain matrix 

(Melzack, 2001) originates from an extensive 

network of brain regions. The pain system is 

part of the somatosensory nervous system and 

is considered to represent a unique number of 

cerebral structures involved in pain perception 

(Guilbaud et al., 1994; Derbyshire, 2000; Schnitzler 

and Ploner, 2000; Iannetti, 2010; Legrain, 2011). 

From the level of the brainstem, medial and lateral 

thalamus, two major ascending projecting areas 

can be distinguished, a lateral and a medial pain 

system (Dubner, 1984; Jones et al., 1991; Sikes 

and Vogt, 1992; Vogt et al., 1993; Coghill et al., 

1994; 2 Nieuwenhuys, 2008), each with a different 

task in the pain processing. The anatomical 

division in two pain systems was supported by 

work on morphine antinociception in animals (van 

Ree, 1977). In clinical practice, the demonstration 

of morphine antinociception throughout the 

neuraxis, initiated the epidural and intrathecal 

administration of morphine in non-malignant and 

malignant chronic pain in the home care situation 

(Boersma et al., 1992; Beersen et al., 2004). 

The thalamus, as an important subcortical relay 

centre (Almeida et al., 2004) and start of various 

thalamocortical connections, demonstrates 

plasticity as well (4 Snow et al., 1991; Shyu and 

Vogt, 2009; Jetzer et al., 2009; Naumer et al., 

2009). The structure and functional aspects of 

descending modulation of pain (Stanford, 1995; 

Gebhart, 2004) are not included in this overview 

since they are not relevant for the topic of this 

study.           

The medial pain system starts in the medial part 

of the spinal cord and connects to the medial 

thalamic nuclei which show slower transmission 

and relatively poor spatial information (Jones 

and Derbyshire, 1996; Vogt and Sikes, 2000). 

In humans, the thalamus is involved in pain 

processing (Lenz, 1991; 2 Nieuwenhuys, 2008). The 

medial part (including deep brain stem structures, 

the peri-aquaductal grey, anterior cingulated and 

frontal cortex) is considered to be important for 

the emotional, cognitive and reflex processing of 

nociception (5 Willis, 1995; Almeida, 2004). The 

lateral pain system on the other hand, passes the 

lateral part of the thalamus and projects to the 

primary and secondary somatosensory (SI and 

SII, respectively) and insular cortices (Jones et al., 

1996; Wiech et al., 2000; Maihöfner et al., 2006). 

Although the role of the somatosensory cortex 

was debated in the past, its role in pain processing 

is now well accepted (Bushnell, 1999; Treede 

et al., 1999, 2000; Schnitzler and Ploner, 2000). 

The lateral system is somatotopically arranged 

and subserves relatively fast transmission. 
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After unilateral electrical stimulation in humans, 

contra- as well as ipsilateral SII somatotopy was 

found (Ruben et al., 2001). The lateral system is 

important for the sensory discriminative aspect of 

pain, especially acute pain mediated by A-delta 

fibres. In the lateral system (Fields, 1994) the 

thalamus is more than a simple relay station 

between the periphery and the cerebral cortex. 

Electronic microscope studies have revealed that 

numerous connections exist with surrounding 

structures (Ralston, 1984). The functional 

distinction in a medial and lateral pain system, 

supports the IASP definition of pain (Merskey 

et al., 1994) which states that pain comprises a 

“sensory and emotional experience. However, it 

remains difficult to differentiate the function of the 

pain systems from other functions of the same 

structures involved (2 Nieuwenhuys, 2008). 

The primary somatosensory cortex (SI) is 

anatomically and functionally well studied due 

to its proximity to the skull. In the saggital view 

(see Fig. 1), SI is positioned at the central sulcus 

in the postcentral gyrus and consists of four 

subsections, Brodmann areas 3a, 3b, 1 and 2 

(Kaas, 2004). At the level of S I, somatotopy is 

maintained (Ogino et al., 2005; Okada et al., 1984). 

Electrocorticography in humans, after electrical 

median and ulnar nerve stimulation, demonstrated 

non-overlapping of the somatotopy of all digits 

despite relative spatial inter-digit differences 

(Baumgartner et al., 1991; Sutherling et al., 1992). 

Afferent pathways, via different thalamic nuclei 

are connected to these SI subsections and with 

SII (Kaas, 2004; Nieuwenhuys, 2008). Imaging 

and electrophysiological studies have provided 

additional evidence for a different role of the two 

pain systems and their respective subcortical 

and cortical areas (Treede et al., 1999, 2000). 

The functional neuroanatomical aspects will be 

discussed in Chapter 3. 

Interhemispheric transmission of information    

Diffuse Tensor Imaging (DTI) of the human corpus callosum 

(green) and pyramid tract (red).  

(Courtesy: Dr. W.F. Tan, neurosurgeon –  Medical Center 

Alkmaar, The Netherlands) 

Each half of the body surface is represented 

topographically in the contralateral cerebral 

hemisphere (Calford and Tweedale., 1990; 
3Nieuwenhuys, 2008). In Chapter 2.2, bilateral 

neuroanatomical representation of somatosensory 

information in afferent somatosensory pathways 

was already mentioned (2 Nieuwenhuys, 2008). 

Exchange of information in human adults between 

the neocortical parts of the two hemispheres, 

either through homotopic or heterotopic 

connections, is facilitated by the relatively large 

corpus callosum (CC) and the smaller commissura 

anterior (3 Nieuwenhuys, 2008; Berlucchi, 2011). 

The corpus callosum is a thick band of nerve 

fibers that connects the left and right cerebral 

hemispheres allowing communication between 

both hemispheres. The CC is divided in three 

parts; from anterior to posterior (a) the genu, (b) 

the corpus and (c) the splenium. The CC transfers 

information between the two brain hemispheres 

(4Burt, 1993; 3 Nieuwenhuys, 2008) and in a 

fMRI study CC somatotopy was demonstrated 

(Salvolini et al., 2010). The posterior part of the 

CC exchanges somatosensory information (Fabri 

et al., 2005) between the two halves of the parietal 

lobe and visual center at the occipital lobe (Hofer 

and Frahm, 2006). The CC is also involved in the 

exchange in motor information. 
In animals, evidence for interhemispheric transfer 
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was demonstrated. The evidence suggests that 

the pathways and mechanisms mediating this 

transfer are specific to the role of maintaining 

balance, or integration, between corresponding 

cortical fields (Calford and Tweedale, 1990). In the 

somatosensory homunculus, the representation 

of the hand and especially the digits is relatively 

large. In macaque monkeys, in this part of the 

somatosensory cortex a substantial number of 

neurons with receptive fields on the bilateral 

hands has been found. After lesioning the 

postcentral gyrus, neurons with bilateral receptive 

fields were not longer found, indicating that 

interhemispheric transfer of information occurs 

at higher hierarchical levels in each hemisphere 

(Iwamura et al., 1994). More recently it was 

found that a substantial number of neurons with 

bilateral receptive fields on extremities, hand/

digits, shoulders/arms, or legs/feet in the caudal 

most part (areas 2 and 5) of the postcentral gyrus 

existed (Iwamura et al., 2001). This indicates that 

in monkeys a bilateral representation exists in the 

postcentral somatosensory cortices (Manzoni et 

al., 1984). Bilateral neuronal representation and 

interhemispheric transfer of information may 

explain why in unilateral deafferentation, bilateral 

changes occur in the cortex.  

Clinical evidence in humans comes from patients 

with (a) callosal agenesis, (b) commissurotomies or 

(c) injury of the corpus callosum (Geffen et al., 1994; 

Berlucchi, 2011). In an fMRI study, differences 

between callosal agenesis and commissurotomy 

patients compared to a control group have been 

demonstrated after tactile and painful stimulation 

(Duquette et al., 2008). Bilateral tactile activation 

was found in SI and / or SII in controls and acallosal 

patients, in callosotomized patients no ipsilateral 

activation was observed. After painful stimuli, in 

all three groups ipsilateral responses in the target 

pain related areas have been demonstrated. 

Therefore, ipsilateral activation of pain related 

regions does not depend on an intact corpus 

callosum. Functionally, differences were found 

between total and partial callosotomy patients, 

indicating that posterior corpus callosum integrity 

is required for tactile information transfer (Fabri 

et al., 2005). In a female patient, body cognition 

was confined to the left side, she had difficulty 

in naming the fingers of the left hand. A MRI 

demonstrated involvement of the entire corpus 

callosum due to occlusion of a branch of the 

anterior cerebral artery (Nagumo and Yamadori, 

1995). In callosotomy patients, a complex mosaic 

of mental processes that participate in human 

cognition, were observed (Gazzaniga, 2000).

Finally, in humans the question whether 

transcallosal interhemispheric influences are 

primarily excitatory (2 Reggia et al., 2001), 

inhibitory or both, is still debated (Bloom and 

Hynd, 2005). There is evidence that both excitation 

and inhibition play a role in interhemispheric 

transmission of information (Brown et al., 1996; 

Bloom and Hynd, 2005; Knaap van der LJ, 2011). 

Altered interhemispheric transfer of information 

in patients with Tourette’s disorder has been 

suggested, based on an altered MRI scan size 

of the corpus callosum in children and adults, 

possibly due to cortical plasticity changes 

(Plessen et al., 2004). 

At a higher hierarchical level in somatosensory 

processing, the concept of the body schema 

is positioned. The body schema integrates 

multisensory information to maintain a real-time 

three-dimensional body representation (Maravita 

et al., 2003; Holmes and Spence, 2004; Naumer 

et al., 2009; De Vignemont, 2010; Mourauxa et 

al., 2010).  In the context of the present study, 

multisensory integration is an important issue 

since it is not only operational under physiological 

conditions, but also in disease states with pain. 

Mechanisms that maintain the body schema are 

an important and renewed functional research 

area, they may explain some of the bilateral 



24 25

somatosensory processing

changes encountered in animals and humans. The 

body schema is subserved by dedicated neural 

pathways from spinal cord and brain stem to the 

cortex (Berlucchi and Aglioti, 2010). Included 

are feelings such as pain, temperature, itch, 

sensual touch, muscular and visceral sensations, 

vasomotor activity, hunger, thirst and dyspnea. 

Some reports of body representations, postulate 

representation of the body in space generated by 

proprioceptive, somatosensory, vestibular and 

other sensory inputs (Schwoebel et al., 2005; 

Maravita et al., 2003).   

Interoception or internal sense, is any sense that is 

normally stimulated from within the body, a sense 

of the physiological (homeostatic) condition of the 

body. Berlucchi (2010) points out that interoception, 

in addition to exteroception and proprioception is 

important for corporal awareness. However, the 

notion that corporeal awareness relates to a single 

cortical area, is far too simple. There is evidence 

for a cerebral organization based on a variety of 

distributed systems constituted by specifically 

interconnected areas in multiple locations 

(Berlucchi, 2010). Pain is part of this homeostatic 

system, our interoceptive consciousness (Birklein 

and Rowbotham, 2005). In a recent publication, 

body schema changes were described in two 

pain syndromes, CRPS and phantom limb pain 

(Reinersmann et al., 2011). Although two different 

pain syndromes, the body schema was equally 

disrupted. This suggests the involvement of 

complex central nervous system mechanisms 

(Reinersmann et al., 2010). 

2.4 Neural plasticity and reorganization

The persistence of memory (Catalan: La persistència de la 

memòria). Dali’s clocks aren’t stopped or broken, they only 

adapt to the shape of every object they meet. 

The notion that the human brain and its functions 

are not fixed throughout life was already suggested 

in 1890 (James, 1890; Berlucchi et al., 2009), but 

long forgotten. William James stated: “organic 

matter, especially nervous tissue, seems endowed 

with a very extraordinary degree of plasticity of 

this sort”. The static view that the nervous system 

was relatively immutable after a critical period of 

gestation during early childhood, lingered during 

the first half of the twentieth century (Kaas, 1999). 

The first, allegedly to have used the term “neural 

plasticity” was Jerzy Konorski, Nencki Institute 

of Experimental Biology in Warschaw (Ledoux, 

2002, 2003). Paralleled by the work of Donald 

Hebb, who rehabilitated the synaptic plasticity 

theory of learning in 1949 and stated that “when 

one cell repeatedly assists in firing another, the 

axon of the first cell develops synaptic knobs (or 

enlarges them if they already exist) in contact with 

the soma of the second cell” (Berlucchi et al., 

2009). In other words: nerve cells may grow new 

connections and undergo metabolic changes that 

enable them to communicate: “neurons that fire 

together, wire together”. These synaptic changes 

became known as long-term potentiation (LTP) 

and long-term inhibition (LTI). LTP is a long-lasting 
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enhancement in signal transmission between 

two neurons that results from stimulating them 

synchronously, LTI the opposite (Bliem et al., 

2008; Sanderson et al., 2011). LTP and LTI in 

humans are regulated by homeostatic control 

mechanisms to maintain synaptic strength in 

a physiological range, as was demonstrated 

both for the motor and somatosensory cortex 

(Buonomano and Merzenich, 1998; Bliem 

et al., 2008). Our study aims are directed to 

functional cortical changes, therefore other basic 

mechanisms of cortical plasticity like axon growth 

(sprouting) or neurotransmitter changes, are not 

discussed (Florence, 1998, 2002).

Neuroplasticity, including cortical plasticity, 

is not a well defined concept, and frequently 

mixed with cortical reorganization. In humans, 

neuroplasticity under physiological and non-

physiological circumstances, is an adaptation 

that may develop throughout the entire nervous 

system (Buonomano and Merzenich, 1998;    

Kaas, 1999; Zhuo, 2004; Sanderson, 2011). 

Neural reorganization occurs at a variety of levels, 

ranging from cellular changes, receptors and 

dorsal ganglia (Furue et al., 2004), sprouting of 

cortical connections (Florence, 1998) to large-

scale changes involved in cortical remapping 

(Malmberg, 2001; Wall, 2002). Cortical  plasticity 

may compensate the effects of the cortical 

degeneration associated with normal aging 

(Pellicciari et al., 2009). Interestingly, in clinical 

medicine, neuroplasticity has also been described 

after continuous intrathecal administration of an 

opioid and may be in involved in the phenomenon 

tolerance (Mao et al., 2001). In this study, an 

arbitrary distinction was made between cortical 

plasticity and cortical reorganization. Cortical 

plasticity has been defined as the central 

nervous systems ability (a quality) to adapt to 

environmental challenges or compensate for 

lesions, both in animals and humans (Donoghue, 

1995; Buonomano and Merzenich, 1998; Rossini 

et al., 1994; Kaas, 2001). This signifies that the 

nervous system is able to react to changes, 

process the information and generate an 

appropriate behavioral response (Hummel et al., 

2005). Cortical reorganization can be regarded 

as the quantification of cortical plasticity since 

it refers to measureable functional parameters, 

and addresses the question “what changed and 

what metric has been used to conclude that a 

plastic event has occurred ?” (Ebner et al., 2005).   

Cortical plasticity affects human daily life much 

more than is realized. The most widely recognized 

forms of plasticity are learning, memory and 

recovery from neural damage (Byl, 2005). Cortical 

plasticity can occur within the same somatosensory 

modalities, e.g. vision, auditory or somatosensory 

system. The first to recognize that changes in one 

modality could influence and activate another 

modality, called sensory substitution, and offering 

technical opportunities was Paul Bach-y-Rita 

(1999). Patients with vestibular damage and loss 

of gravitational stability were treated with a small 

array of electrodes stimulating the tongue. After 

several weeks of treatment, patients regained their 

ability to remain balanced without the use of the 

equipment. Evidence for cortical reorganization 

comes from studies where changes in the 

somatotopy in the primary somatosensory and 

motor cortex after impaired afferent input occur 

(Kaas, 2005). Most contemporary knowledge on 

human cortical plasticity was initially derived from 

animal experiments (1,2 Merzenich et al., 1983). 

Aspects of cortical plasticity changes in animals 

and humans will be discussed.
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Animal studies

New World owl monkey

Animal research on cortical plasticity involved 

several kinds of animals, and evidence shows 

that their somatosensory maps can change. In 

particular New World owl and squirrel monkeys, 

which have most of the primary somatosensory 

cortex exposed close to the surface, have been 

studied (Jain et al., 1998). On the somatosensory 

cortex of owl monkeys, after myelin staining, 

morphological maps for each finger were 

found. In response to peripheral stimulation 

using microelectrodes, an orderly somatotopic 

presentation was found from lateral to medial 

(Jain et al., 1998). After injury, these maps did not 

change morphologically but only physiologically. 

In normal monkeys, using a learning paradigm, 

cortical plasticity changes were found in a use-

dependant task setting (Jenkins,1990; Nudo, 

1996). Besides cortical changes, plasticity 

changes at the subcortical level in the brainstem 

and thalamus have been described (Garraghty et 

al., 1991; Jones and Pons, 1998; Wall et al., 2002). 

Following peripheral nerve injury, plasticity 

changes include both motor and somatosensory 

map reorganization. Facial nerve transection 

in rats produced a functional shift from the 

denervated area towards a new group of 

innervated muscles within hours. A stable, 

functional change that lasted for months. One 

of the striking observations was the activation 

of neighbouring receptive fields to compensate 

for the deafferentiated area (Sanes et al., 1988). 

Bilateral cortical changes were demonstrated by 

Calford and Tweedale (1990). In their study with 

flying foxes and monkeys, a local anesthetic was 

used for peripheral denervation of a digit. Linking 

homotopic regions of the primary somatosensory 

cortex, the bilateral effects of denervation were 

monitored. They found that plasticity induced 

in one hemisphere, in the form of receptive field 

expansion brought about by a relatively small 

peripheral denervation, was immediately (within 

minutes) mirrored in the other hemisphere. The 

mechanisms that induce multilevel changes may 

result from altered peripheral afferent activity. 

The altered activity induced a central release 

of inhibition which facilitates interhemispheric 

processing of information (Xu and Wall, 1999). 

Human studies

“An abnormally shrunken hand area was observed in three 

syndactyly patients”  

Adult human and patient studies demonstrate 

that rapid cortical plasticity changes occur under 

physiological conditions and after injury. Cortical 
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plasticity was found in violin players, and witness 

the amazing capacity of the nervous system to 

meet the environmental demands in human life 

(Byl et al., 2000; Pantev et al., 2003). The use-

dependent enlargement of the area of the left 

hemisphere representation in the sensorimotor 

cortex of right handed violin players was 

noticed. While the significant right-larger-than-

left asymmetry of the motor and somatosensory 

cortex was lacking in right handed non-musician 

controls (Schwenkreis et al., 2007). In a use-

dependant learning study, using a unilaterally 

trained tactile discrimination task model, cortical 

plasticity was demonstrated using MEG. The 

parameter demonstrating reorganization was 

the dipole strength, after training a dipolar 

strength decrease was observed (Spengler et 

al. 1997). Short-term neuroplastic changes were 

described in healthy humans. After transient 

sensory deprivation using an ischemic nerve 

block (INB), rearrangement of the magnetic finger 

representations in the primary somatosensory 

cortex was observed (Rossini et al., 1994). Using 

an Equivalent Current Dipole (ECD) model (Fuchs 

et al., 2004), an increase in dipole strength and a 

position shift in the coronal plane was observed 

for the thumb and little finger. In these three human 

studies, different reorganizational parameters 

were found.   

In another MEG study, three patients underwent 

a surgical syndactyly correction of the hand 

(Mogilner, 1993). Preoperatively, an abnormally 

shrunken hand area was found on the primary 

somatosensory cortex without distinct borders 

between the webbed fingers. Compared to 

controls, somatosensory map restoration was 

observed after the operation for each finger. 

This suggested that after operation, functional 

plasticity changes in the primary somatosensory 

cortex restored non-overlapping. Functional 

non-overlapping of the fingers in humans, after 

electrical median and ulnar nerve stimulation, 

was demonstrated by electrocorticography 

(Sutherling et al., 1992). This affirms that under 

physiological circumstances, somatotopy in the 

somatosensory map is maintained. However, 

cortical restoration after nerve repair differed 

between adults and children. After suturing a 

transected peripheral nerve in adults, sensory 

perception remained abnormal. In children, the 

superior recovery from nerve injury presumably 

depended on restoration of somatotopy in the 

central sensory maps. This was supported by 

experiments in immature monkey (Florence et 

al., 1996). These two examples indicate that 

the different tissues involved (skin versus nerve 

tissue), produced different cortical effects.  

Under experimental circumstances in humans, 

like an ischemic nerve block (INB) producing 

deafferentation, fast cortical plasticity changes 

occurred (Rossini, 1994). After using an INB 

block, an increased bilateral cerebral blood flow 

was observed in the motor cortex, as well as an 

increased excitability of the ipsilateral hemisphere 

and decreased interhemispheric transmission 

(Sadato, 1995). In two human studies, acute 

deafferentation was reached with the use of a 

local anaesthetic block or a unilateral INB block. 

Increased tactile discrimination was found in 

the non-anesthetized somatosensory cortex  

(1,2Werhahn, 2002). Other studies demonstrate 

immediate task-dependant cortical changes 

that fade away after 3-4 weeks, possibly due 

to a learning effect (Spengler et al., 1997). 

Unilateral changes in afferent somatosensory 

inputs, not only produced cortical plasticity in 

the contralateral hemisphere (Mogilner, 1993; 

Karl, 2001) but also in the ipsilateral sensorimotor 

cortex (Hummel, 2005). Therefore, the functional 

sensory hand index (Theuvenet et al., 2005) is not 

a fixed but rather a dynamic entity, and the inter-

digit somatosensory map distances may adapt 
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in response to altered circumstances. These 

rapid and bilateral reorganizations generally are 

attributed to a rebalancing of excitatory and 

inhibitory factors within a dynamically maintained 

system in humans (Burton, 2005). The mechanisms 

operational in bilateral changes, facilitated by 

altered interhemispheric transmission, induce 

somatosensory and motor cortical functional 

adaptations (Kaas, 1999). Interhemispheric 

transmission is facilitated by transcallosal fibres 

(see 2.4). The question whether these fibres 

are primarily excitatory, inhibitory or both is still 

debated (Bloom and Hynd, 2005). Possibly, in 

subcortical areas competitive processes drive 

intercallosal transfer of information (1 Reggia et 

al., 2001). 

Acute deafferentation, e.g. after nerve injury, 

elucidates the cortical induced changes (Kaas, 

2003). After deafferentation, a reduction in the 

activity in the motor cortex is quickly induced 

(minutes to hours), which causes a down 

regulation of the inhibitory gamma amino butyric 

acid (GABA) neurotransmitter level (2 Levy et al., 

2002 ). This enhances activation of inhibited 

horizontally oriented pathways and leads to 

altered cortical motor maps as was demonstrated 

by transcranial motor stimulation (Kaas, 2005). 

Evidence that GABA might play a role comes from 

the effects of a single dose of a GABA receptor 

agonist. The plasticity effect was downregulated, 

suggesting that decrease of inhibition plays a 

role (2 Werhahn et al., 2002). In focal dystonia, as 

seen i.e. in CRPS I patients, a significant GABA 

level decrease was observed in the sensorimotor 

cortex and lentiform nuclei contralateral to the 

affected hand. In the ipsilateral hemisphere, only 

a small nonsignificant decrease was found (1 Levy 

et al., 2002).  

After upper limb amputation in humans, two 

types of cortical plasticity were observed; an 

input-increase and input-decrease type (Elbert 

et al., 1997). Magnetic source imaging revealed 

that after tactile stimulation the decreased area 

of the somatosensory cortex of the amputated 

hand was invaded by increasing the facial area. 

This “invasion” of the cortical amputation zone 

was accompanied by a significant increase in 

the size of the representation of the digits of the 

intact hand. This demonstrates again bilateral 

cortical changes after a unilateral intervention. 

Wall and coworkers (2002) suggested that 

sensory dysfunctions after nerve, root, dorsal 

column and amputation injuries can be viewed 

as diseases of reorganization. In arm amputees, 

it was demonstrated that adaptive changes in the 

somatosensory cortex in humans were strongly 

positively correlated with pain (Flor et al., 1995). 

This indicates that in phantom pain, pain may be 

a consequence of cortical plasticity in the primary 

somatosensory cortex. 

All presented studies on neuroplasticity, both 

in animals and humans, express cortical 

reorganizational changes in the primary 

somatosensory cortex (SI) and changes are 

based on different parameters. Animal and 

human studies share a common feature: cortical 

plasticity changes and reorganizations were both 

described under physiological and pathological 

circumstances. 

Cortical reorganization: functional correlates 

The characteristics of cortical reorganization, the 

parameters (Ebner, 2005) that describe cortical 

plasticity changes will differ for each research 

project, research aim and measuring technique. High 

resolution techniques like electroencephalography 

(EEG), magnetoencephalography (MEG), 

functional magnetic resonance imaging (fMRI) 

or transcranial magnetic stimulation (TMS) 

analyze electromagnetic properties of neural 
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activation (Rossini and Melgari, 2011). Nowadays, 

combinations of techniques are used to 

compensate for the technical limitations of each 

technique. The study of cortical plasticity and 

reorganization in humans, using MEG, may include 

cortical evoked responses. In these studies, 

parameters like peak latency, dipole position, 

dipole strength and somatosensory map changes 

have been described (Tecchio et al., 2002; 

Huttunen et al., 2006). In the present research 

project, the parameters studied are described in 

Chapter 3.

2.5  Complex Regional Pain Syndrome (CRPS)

CRPS I in the left hand after soft tissue bruising 

In “The Classification on Chronic Pain” (Merskey 

et al., 1994) by IASP, CRPS I and II are defined 

as two chronic pain syndromes with comparable 

symptomatology and potential severe disability 

(Albrecht et al., 2006). The chronic pain in CRPS 

is often disproportionate to the inciting event, 

a seemingly innocent soft tissue bruising may 

initiate the syndrome and it is underdiagnosed 

in children. In this population, up to 90% of the 

cases include females in the age between 8-16 

years (Stanton-Hicks, 2010). By IASP definition, 

CRPS I is without and CRPS II with peripheral 

nerve injury (PNI). There is accumulating evidence 

that in both syndromes, neuroanatomical 

(Baron, 2000; Oaklander et al., 2006, 2009), 

neurochemical (Birklein 2001, 2008; Hettne et al., 

2007; Tannemaat et al., 2007; Obata et al., 2008; 

Baron, 2009) and adaptive functional changes 

occur from the peripheral receptor, the spinal 

cord to subcortical and cortical areas (Dykes, 

1984; Das, 1997; Tinazzi et al., 2000; Juottonen 

et al., 2002; Schwenkreis et al., 2003; Maihöfner 

et al.,2003; Forss et al., 2005; Devor, 2006; 

Drummond and Finch, 2006; Stern et al., 2006; 

Krause et al., 2006; Larbig et al., 2006; Schaible, 

2007; Navarro et al., 2007; Vartiainen et al., 2008; 

Baron 2009). Basically, tissue injury results in 

the release of pro-nociceptive mediators. Injury 

sensitizes peripheral nerve terminals and evokes 

an increased excitability of spinal cord dorsal horn 

neurons - peripheral and central sensitization, 

respectively (Jarvis et al., 2009). Nevertheless, 

there is still no clear explanation why after a 

seemingly innocent bruising of a hand, a cascade 

of serious changes is set into motion that result 

in CRPS I. 

CRPS I is mainly based on clinical signs and 

symptoms, objective diagnostic tests to study 

the syndrome are still lacking (Geertzen et al., 

2006), and as a consequence the incidence of 

CRPS I varies considerably. Since the publication 

by Bruehl (1999), several efforts were made 

to improve the list of criteria supporting the 

diagnosis CRPS (Harden et al., 2006, 2007, 2010; 

Brunner et al., 2008; van Bodegraven Hof et al., 

2010). CRPS I, using the IASP criteria (Merskey 

et al., 1994) was diagnosed in 46% after wrist 

fractures (Sandroni et al., 2003) and especially in 

patients who complained of pain after the use of a 

cast (Fields and Basbaum, 1994). In the Sandroni 

study, the female to male ratio was 4:1. The costs 

of health care are high, caused by the fact that an 

adequate treatment is lacking (Taylor et al. 2006; 
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Kemler et al., 2010). In CRPS I symptoms like pain, 

edema, vasomotor and sudomotor disturbances 

may develop (Veldman et al., 1993; Baron et al., 

1998; Bruehl et al.,1999; Jänig et al., 1991, 2003; 

Stanton-Hicks, 2003; Kandi et al., 2007; Harden 

et al., 2007; Schürmann et al., 2007; Perez et al., 

2007; Albazaz et al., 2008). Interestingly, peripheral 

neuropathological changes displaying abnormal 

thin fibre axons in the skin and vascular bed were 

described in CRPS I (Albrecht et al., 2006) and 

a genetic predisposition is suspected (Birklein et 

al., 2008). Neuroimaging techniques like Magnetic 

Resonance Imaging (MRI), fMRI (functional MRI) 

and Positron Emission Tomography (PET) have 

no added value and are not recommended on 

a routine basis (Geertzen et al., 2006). In the 

last decade, few publications on CRPS I and 

functional neuroimaging techniques (EEG or MEG 

with MRI) have been published indicating that the 

central nervous system in CRPS I plays a role in 

the pathogenesis of the disease (Maihöfner et al., 

2003; Forss et al., 2005; Birklein and Rowbotham, 

2005; Schwenkreis et al., 2009). This supports the 

view that CRPS I is a syndrome that involves the 

peripheral and central nervous system (Tinazzi, 

2000; Jänig et al., 2002, 2003).

CRPS II may result from peripheral nerve injury 

(PNI) but the incidence of CRPS II is relatively low, 

ranging from 2 - 2,5% (Kline et al., 1995; Bryant 

et al., 2002). Nerve injury originates from many 

causes, it is often traumatic but e.g. radiation, 

chemical, electrical and iatrogenic injuries have 

been described (Maggi et al., 2003; Devor, 

2006; Kretschmer et al., 2009). Peripheral nerve 

damage is classically divided in three ways, from 

neuropraxia, and axonotmesis to neurotmesis. 

This classification describes whether or not there 

is discontinuity in the integrity of the connective 

tissues and/or the axon and its myelin framework 

(Sunderland, 1945; Kline et al., 1995) PNI not 

necessarily results in CRPS II or neuropathic pain 

and may present less severe forms comparable 

to CRPS I (Kline et al., 1995).  Neuropathic 

pain was recently redefined as, “pain arising 

as a direct consequence of a lesion or disease 

affecting the somatosensory nervous system” 

(Treede et al., 2008). The original IASP definition 

of neuropathic pain (Merskey et al., 1994) was 

challenged since e.g. it did not differentiate 

neuropathic dysfunction from physiological 

neuroplasticity in the somatosensory nervous 

system. The mechanisms after traumatic nerve 

injury leading to pain are complex and not fully 

understood. Even though PNI patients presented 

comparable symptoms, their sensory profiles 

differed. This supports the concept of different 

underlying mechanisms leading to chronic pain in 

PNI patients (Baron, 2000; Schüning et al., 2009). 

Volleys of abnormal peripheral inputs start shortly 

after the nerve injury. It begins with spontaneous 

ectopic discharges in the resealed proximal 

nerve stump (end bulbs), and in response to 

mechanical and chemical stimulation (McAllister 

et al., 1995). In this state of increased excitability 

or sensitization (Woolf, 1993), ephaptic 

communication and crossed after-discharge 

attribute to abnormal inputs. Abnormal discharge 

from cross-talk with sympathetic fibres may 

produce autonomic dysfunction (Drummond, 

2001,2004; Devor, 2006; Baron, 2006). Besides 

plasticity changes at the level of the nociceptor 

and in response to impaired nociceptive inputs, 

a “wind up” phenomenon in the spinal cord has 

been described leading to sensitization (Woolf, 

2007, 2011). Central sensitization is the next 

change leading to less reversible changes and 

during this development the N-methyl-D-asparate 

(NMDA) receptor is activated and pain may arise 

(Latremoliere, 2009; Woolf, 2004, 2011). In this 

stage, not only propagation of afferent information 

is facilitated but also descending inhibition is 

decreased (Bee and Dickenson, 2008). 
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In conclusion: neuropathic pain may be due 

to abnormal peripheral input and/or abnormal 

central processing (Chen et al., 2002; Woolf, 2004; 

Costigan et al., 2009; Latremoliere et al., 2009). In 

humans, an impaired flow of afferent information 

evokes adaptive cortical responses (Das, 1997; 

Tecchio et al., 2002). These changes are more 

extensively described under cortical plasticity 

(Chapter 2.1.4). However, in a neuropathic pain 

review study, using fMRI and PET, no unique pain 

matrix could be defined (Chen et al., 2008). 

The distinction between CRPS I and II patients, 

with identical symptomatology but a nerve injury 

in CRPS II patients only, is still under debate. 

Some consider CRPS I also as a neuropathic 

pain syndrome (Bruehl, 2010). This is supported 

by decreased cutaneous C-fibre (Oaklander et 

al., 2006) and A-delta fibres in the affected limb 

in CRPS I patients (Albrecht et al., 2006). The 

question remains whether these changes initiated 

CRPS or resulted from CRPS, and whether CRPS 

I is a true neuropathic pain syndrome. In clinical 

practice, it may be difficult to recognize minimal 

fiber injury and for that reason fiber injury will 

remain unnoticed (Ochoa, 2006; Oaklander et al., 

2006). 
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3.1 Magnetoencephalography  (MEG)  

The SQUID as was used in Twente (1 x 1 mm). It consists of 

niobium, aluminium and palladium. SENSOR array: Courtesy 

MEG CTF International Services Ltd. 

The discovery of superconductivity in 1911 by 

Nobel Prize winner Heike Kamerlingh Onnes (1853 

– 1926), has retrospectively been fundamental 

to the development of MEG. From 1882 to 

1923 Kamerlingh Onnes served as professor of 

experimental physics at the Leiden University 

(van Delft, 2001). In 1911, after his ability to liquefy 

helium, he found that at 3.0 Kelvin the resistance 

in a solid mercury wire immersed in liquid helium 

suddenly vanished and superconductivity was 

demonstrated. A second invention was equally 

fundamental for MEG. In 1973, Brian David 

Josephson, Nobel Prize winner in physics, 

discovered that super conducting loops with a 

small junction can be used to measure magnetic 

field changes with unprecedented precision, 

these devices are the basis of a Superconducting 

Quantum Interference Device (SQUID).   

  

MEG is a completely non-invasive technique that 

measures magnetic field changes in the human 

brain induced by natural occurring electrical activity 

or in response to artificial stimulation (Okada et al. 

1983; Lopes da Silva and van Rotterdam, 1993; 

Volegov et al., 2004; Huttunen, 1988; Babiloni 

et al., 2009). MEG was first measured in 1968 

by David Cohen using a million turn induction 

magnetometer (Cohen, 1968; Orrison et al, 

1995). Initially, the signal to noise (S/N) ratio was 

poor and the shielded room required technical 

improvements. The improved shielded room was 

build shortly later at the Massachusetts Institute 

of Technology (Cohen, 1972). It was not until the 

SQUID became available (Zimmerman et al., 1970) 

in combination with the improved shielded room 

that measurements were qualitatively comparable 

to electroencephalography (EEG). A SQUID is a 

very sensitive sensor able to measure the strength 

and direction of extremely small magnetic 

fields (Vrba and Robinson, 2001). A SQUID is a 

superconducting ring that is interrupted at one 

or two point contacts (the Josephson junctions) 

where the current is concentrated in a very 

small cross-sectional area (Vrba and Robinson, 

2001; Raij, 2005). The sensitivity of a SQUID is 

based on the quantum mechanic properties of 

these junctions at liquid helium temperatures 

(4.2 Kelvin), where the ring is superconducting. 

Therefore, the SQUID’s used in a MEG are 

installed in a highly isolating barrel with liquid 

helium called a dewar (Babiloni et al., 2009). New 

technological improvements made it possible to 

place an increasing number of SQUID sensors in 

the same dewar, leading to today’s whole-head 

MEG systems containing 150 to 300 SQUIDS and 

hence becoming a valuable diagnostic tool (Erwin 

et al., 1993; Hämäläinen et al., 1993; Baumgartner 

et al., 2004; Kakigi et al., 2004; Funke et al., 

2009).. Whole-head MEG devices made evoked 

bilateral hemispherical measurements  possible 

with improved spatial resolution (Kakigi, 2004) and 

facilitated clinical research in e.g. somatosensory 

function, pain and epileptic surgery (Funke et al., 

2009). All MEG measurements are performed in 

a shielded room to limit external noise from far-

away sources as traffic, elevators and nearby 

(medical) electrical devices. The SQUID’s used 

in a MEG do not directly measure the magnetic 

fields of the brain. SQUID’s are connected through 
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a magnetic flux transformer to superconducting 

coils called magnetometers or a pair of coils 

called gradiometers that are placed inside 

the dewar as close as possible to the brain. 

A gradiometer consist of two coils, a pickup 

coil and a compensation coil, with opposite 

orientation. This configuration makes the system 

insensitive for homogenous magnetic fields, or 

for relatively far away sources. In this way the 

signal to noise ration (SNR) is largely increased 

compared to a magnetometer, which consists of 

a single pickup coil (Vrba, 1991). Because MEG 

measurements encounter no distortion from 

fluid, skin or bone its spatial resolution is much 

better than EEG, (Babiloni et al., 2009) allowing 

for routine measurements of evoked cortical 

magnetic responses (Hari et al., 1983; Huttunen et 

al., 2006). Contrary to EEG, for which a reference 

electrode is required, MEG is completely reference 

free (Williamson and Kaufman, 1988; Barkley and 

Baumgartner, 2003). MEG measurements can 

be performed in the sitting and supine position. 

Preparations for MEG measurements are relatively 

easy because no electrodes have to be attached, 

which increases patient comfort. As was rightfully 

pointed out, the use of MEG in the clinical setting 

unlike the use of e.g MRI, still suffers from a poor 

user interface that hampers clinical use. This, in 

addition to the high costs of the purchase of MEG 

and its maintenance, is probably a major reason 

for its limited clinical applications (Parra et al., 

2004). 

3.1.1 The generation of cortical responses

Courtesy MEG CTF International Services Ltd. 

 

The neuronal generation mechanism underlying 

MEG is very similar to EEG, the only physical 

difference being the type of electromagnetic 

fields by which neural currents are transferred to 

the physical sensor, magnetometer/gradiometer 

or electrode. Therefore, the same neuron 

anatomical properties of the brain need to be 

considered when studying the generators of MEG 

(5Hari, 1993; Lopes da Silva and van Rotterdam, 

1993). At the neocortical level of mammals, two 

categories of  neurons can be distinguished: 

pyramidal and non-pyramidal cells. The pyramidal 

cell population accounts for at least 70% of the 

neocortical neurons (Nieuwenhuys, 1994, 2008). 

Pyramidal cells (in e.g. lamina IV and V) have 

dendritic trees that run parallel to each other, 

they are perpendicularly oriented to the cortical 

surface and have an axon that descends in the 

subcortical white matter. The pyramidal neurons 

constitute a network all over the neocortex and 

are the largest output and input system of the 

neocortex (Nieuwenhuys, 2008). 

  3
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During synchronized synaptic activation along the 

proximal dendrites of the neurons, extracellular 

currents will arise to close the current loops, 

which were opened to activated ion channels at 

the postsynaptic cells. These ionic currents pass 

through conductive tissues as brain, cerebrospinal 

fluid, skin, where they reach the EEG sensors 

and are recorded as potential differences. Both 

the primary currents at the activated synapses 

and the resulting secondary currents through 

the conductive tissues, contribute to the brain’s 

magnetic field by Biot-Savard’s law (Ioannides 

and Fenwick, 2005). The parallel orientation of 

the pyramidal cells is of crucial importance here, 

because the resulting electromagnetic fields of 

multiple synchronized pyramidal cells will add 

up, whereas the fields due to the other, randomly 

oriented cells, will cancel. In this way, synchronized 

neuronal currents cause measurable electric and 

magnetic fields in the brain (Lopes da Silva et al., 

1987; Parra et al., 2004; Babiloni et al., 2009). It 

has been estimated that to detect a measurable 

MEG or EEG signal, approximately 50.000 active 

neurons are needed (Okada, 1983). This neuronal 

synchronization of neighboring pyramidal cells, 

can in a clinical setting be obtained by stimulating 

one of the nerves repeatedly. Because of the 

one-to-one neuron anatomic organization, such 

stimulation results in a simultaneous activation 

of neighboring cell in the cortex. As a result, one 

can obtain a magnetic field in the order of 10-12 

to 10-13 T at a distance of about 15 mm from the 

scalp, peak-to-peak (Vrba, 2002). By applying the 

stimulus repeatedly and averaging the resulting 

MEG or EEG signal, a stable response can be 

obtained with high signal to noise ratio.        

The cortically evoked responses  

Electrical stimulation of a peripheral nerve in 

humans produces measurable and repeatable 

cortically evoked responses. Over the last four 

decades, electrical stimulation of the median, 

ulnar and posterior tibial nerve were well studied, 

and in humans using EEG and MEG.  

Using EEG, short latency and long latency evoked 

potentials have initially been described after 

electrical median nerve stimulation (1,2 Allison et 

al., 1989). The evoked responses were studied 

using cortical-surface and transcortical recordings 

obtained during neurosurgery (1 Allison et al., 1989). 

In 54 patients, three groups of evoked responses 

were found in the contralateral hemisphere at 

around 20 ms, 30 ms and 90 ms. Contraleral 

somatosensory responses at these latencies 

were localized in the primary somatosensory 

cortex (SI), probably Brodmann area 3b (2 Allison 

et al., 1989). Ipsilateral responses were not 

found in this area but possibly in 4, 1,2 and 7. 

Surface and transcortical recordings suggest that 

ipsilateral responses originate from transcallosal 

inputs from the contralateral hemisphere (2 Allison 

et al., 1989). At latencies around 125 ms, results 

suggested that the secondary somatosensory 

cortex was involved and a radial generator 

was active. These findings were confirmed in 

later studies (Frot and Mauguière, 1997). An 

interesting finding in the EEG studies is the 

latency difference in activation between SI and 

SII of around 40 ms (Frot and Mauguière, 1999).  

Using MEG, several studies describe results of 

cortical evoked responses to either non-noxious 

(Baumgartner, 1991; Kawamura et al., 1996; 

Kakigi, 2000; Babiloni et al., 2004; Hoshiyama et 

al., 1995, 1996; 6 Hari et al., 1999; Huttunen et 

al., 2006; Tecchio et al., 1997, 1998, 2000, 2005;  

Theuvenet et al., 2005, 2006, 2011; Chen et al., 

2011) or noxious stimulation (1,3 Hari et al., 1983, 

1984; Huttunen et al., 1995; Kakigi, 1995). After 

electrical non-noxious median nerve stimulation, 

major magnetic field characteristics in terms of 
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peak latencies, peaks and generator localization 

were comparable to EEG studies. In the first 90 

ms post-stimulus, sources are located in SI, and 

around 125 ms in SII (2,4 Hari et al., 1983, 1984; 

Simões et al., 1999, 2002). It has to be realized 

that EEG measures both radial and tangential 

oriented generators in contrast to MEG where 

only tangential generators can be measured 

(Barkley and Baumgartner, 2003).  Therefore, 

sensitivity to tangential sources makes MEG 

more fit to measure activity in the sulci (Barkley 

and Baumgartner, 2003). MEG studies of human 

evoked cortical responses have improved our 

understanding of somatosensory processing in 

healthy subjects (Rossini et al., 1989; Tecchio et 

al., 1997, 1998, 2000). However, also of patients 

with cerebral injuries like stroke (Rossini et al., 

2001), epilepsy (van der Meij et al., 2001; Lopes 

da Silva, 2008 ) and pain (Flor et al., 1995; Treede 

et al., 1999; Bromm, 2001). 

The inverse problem and dipole localization

Cortically evoked responses, either recorded 

by EEG and MEG, are caused by multiple 

synchronized pyramidal cell activations (Meijs et 

al., 1988). The aim of multichannel EEG and MEG 

is to study brain function through the analysis of 

the spatial distribution of the evoked fields and 

the localization of the underlying sources (2 Lopes 

da Silva, 1994; 5 Hari, 1994). The determination 

of these sources is usually called the “inverse 

problem” (Barkley and Baumgartner, 2003; Parra 

et al., 2004; Darvas et al., 2004). A key property 

of the inverse problem is that, due to the fact that 

there are generally several current distributions 

that produce identical magnetic and/or electric 

field patterns, its solution is non-unique (5 Hari, 

1993). This indicates, that due to non-uniqueness, 

several current distributions can in principle 

produce identical magnetic field patterns, in 

contrast to e.g. MRI where the inverse problem 

can be solved uniquely (5 Hari, 1993;). This non-

uniqueness was already pointed out by Helmholtz 

in 1853 who stated that a current distribution 

inside a conductor, cannot uniquely be retrieved 

from the measured magnetic field outside the 

head (Leonardelli, 2006). The increasing number of 

sensors in MEG however improved the accuracy 

of MEG inverse solution significantly (Koenig et 

al., 2008). 

Given the constraints of the inverse problem but 

based on known anatomy and neurophysiology of 

the brain, meaningful solutions can be found by 

using the equivalent current dipole (ECD) model 

(5 Hari, 1993; Fuchs, 2004).  An equivalent current 

dipole can be considered as “the brain area that 

is responsible for a given potential or magnetic 

field scalp distribution or brain map”. In this 

formulation of the inverse problem it is assumed 

that a set of neighbouring activated dendrites in 

the cortex, can be mathematically described as 

an equivalent current dipole, of which the position 

parameters describe the activated cortical area. 

The dipole fitting procedure attempts to find 

these dipole position and orientation parameters 

in such a way that the observed magnetic field 

distribution is, in statistical terms, matched as 

closely as possible to the magnetic/electric field 

pattern predicted by the dipole. (2 Lopes da Silva, 

1993). 

 

Because dipole fitting is based on the prediction 

of magnetic/electric fields for a given dipole 

source, assumptions are needed regarding the 

geometry and conductivity of the brain, skull and 

skin. Often these assumptions are formulated as 

a realistic head model (wherein the anatomy is 

described in a geometrically precise way), or as a 

homogeneously conducting sphere which is less 

accurate, but allows much faster computations 

(Meijs et al., 1988). With the use of the CTF 

manufacturer’s software, a compromise between 

these two head models is made, by fitting a 

  3
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series of spheres to the MRI of the individual 

subject. This head model has to be constructed 

only once and can then be saved on disk for 

later use. Because head model and MRI share 

the same coordinate system, results of dipole fit 

calculations can be mapped onto the MRI scan 

and related to anatomical information.

3.1.2 Cortical human brain mapping 

 

Left Hemispherical dipolar brain map after median nerve 

stimulation at 70 milliseconds post stimulus. 

Functional human brain mapping is the 

technique to measure and map cortical 

brain function, under physiological and non-

physiological circumstances, and in relation to 

anatomical structures (Lehmann, 1990; Maurer 

and Dierks, 1991; Baumgartner, 1993). Unlike 

electrocorticography (ECoG), where during a 

neurosurgical procedure direct cortical stimulation 

is performed, new non-invasive techniques 

became available (Rossini and Pauri, 2000; Rossini 

and Dal Forno, 2004). The functional topography 

of the somatosensory evoked electrical and 

magnetic responses after non-noxious median 

nerve (Allison et al., 1989; Kakigi, 1994; Tecchio 

et al., 1997, 1998, 2000; Theuvenet et al., 2005, 

2006), ulnar nerve (Baumgartner et al., 1991; Vanni 

et al., 1996; Huttunen et al., 2006) and posterior 

tibial nerve stimulation (Kakigi et al., 1995; Kany 

et al., 1997;  Theuvenet et al., 1999; Willemse et 

al., 2007) are well studied. MEG enabled clinicians 

to study and visualize functional “images” of the 

brain non- invasively (Berman et al., 1995; Parra 

et al., 2004). In the present MEG study, a MEG 

equivalent current dipole was electronically 

superimposed on an individual MRI based head 

model, MRI and MEG had a common coordinate 

system (Theuvenet et al., 2005, 2006). The brain 

Courtesy MEG CTF International Services Ltd. 
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map that can be retrieved at each desired peak 

latency has a dipolar configuration presenting 

the magnetic outflow (see map above: the efflux 

in red) and inflow (in blue). For each individual in 

this study and for each hemisphere, brain maps 

were produced. In the time window of 400 ms, the 

series of brain maps depicted the sequence and 

orientation of brain activation.  

3.1.3 Functional non-invasive neuroimaging 

techniques

Over the last three decades, new non-invasive 

techniques became available that increased our 

knowledge of the human brain and its function. 

These include e.g. EEG, HD-EEG, MEG, TMS, 

fMRI, and PET (Jones et al., 1991; Casey et al., 

1994; Cherry and Phelps, 1996; Rossini and 

Pauri, 2000; Bandettini, 2009). In the above figure 

(Properties of MEG) on the left side, the relative 

spatial and temporal resolutions are depicted for 

different imaging techniques (see Acronyms). HD-

EEG (High Definition EEG) is not included in this 

overview but is supposed to have an improved 

spatial resolution of 1-3 cm (Babiloni, 2009). In 

the spatial and temporal domain, MEG proved 

to reflect accurately evoked magnetic responses 

with however functional limitations (Parra et al., 

2004). In induced pain (noxious stimulation), 

MEG offered a better spatial resolution compared 

to EEG (Kakigi et al., 2004). Similar to EEG, 

MEG does not require exposure to a radiation 

dose and therefore repeated measurements 

are easily performed presenting an important 

clinical advantage of MEG compared to PET and 

Single Photon Emission Computed Tomography 

(SPECT). For the study of deeper localized 

sources, like thalamic activation in neuropathic 

pain, MEG is not a suitable technique since 

it is mostly sensitive to neocortical tangential 

sources (Huttunen, 1998). SPECT offers better 

opportunities despite the relatively poor temporal 

resolution (Ushida et al., 2010). In contemporary 

research and clinical practice, combined 

techniques or multimodal imaging by eliminating 

limitations posed by an individual technique, may 

offer depending on the research question, offer 

advantages in the clinical setting (Pichler et al., 

2008). Cortically evoked responses using MEG, 

suggested single activation of only one map in SI. 

However, combining fMRI and PET demonstrated 

multiple foci of activation in SI after cutaneous 

finger stimulation (Schnitzler et al., 2000).  

CHAPTER 3.2 DESIGN OF THE STUDY 

 

This study is dedicated to the question to what 

extent the cortically evoked responses in two well 

known chronic pain syndromes, CRPS I and II, 

are different. At the start of the study (1993) the 

only MEG system available in The Netherlands 

was at the University of Twente since 1976. 

Therefore, the current study started with first MEG 

measurements done at University of Twente. Data 

analysis software was still under development. 

In 1996, a new, commercially manufactured 

151 channel whole head MEG system became 

available at the  VU University Medical Center, 

Amsterdam,. Therefore, the project was continued 

in Amsterdam from 2000 onwards. 

3.2.1 Organization of the measurements

All measurements in this study were approved by 

medical ethical committees. Measurements at the 

University of Twente (Enschede) were approved 

by the Medical Ethical Committee of University of 

Twente, as part of cooperation with the Medical 

Spectrum Twente. Measurements at the Medical 

Center Alkmaar were approved by the medical 

ethical committee (NH04-196) and VU University 

Medical Center. Prior to the measurements, 

an informed consent was obtained from all 
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participants. Each patient was allowed to 

stop participation in the project, without any 

consequences for the patient and without the 

need for explanation.  

The present study consisted of three phases: 

Phase 1: the first phase from 1993 – 1999 at the 

University of Twente (Low Temperature Division): 

35 measurements divided over three patient 

groups (Peripheral Nerve Injury [PNI], entrapment 

neuropathies in an upper extremity, essential 

trigeminal neuralgia). The questions in 1993 that 

initiated this project were: 

(a) “why the effects of  electrical spinal cord 

stimulation fade away in time apart from evident 

causes like scar tissue forming at the tip of the 

electrode, dislocations, change of disease, low 

battery of the pulsegenerator?” and (b) “would it 

be possible to monitor cortically evoked changes 

in the pain and pain free state after spinal cord 

stimulation?” 

Since no MRI’s were simultaneously made of the 

patients in this phase, MRI based assessment of 

dipole characterization was not feasible. EEG was 

measured after implantation of the pulsegenerator 

because it was not possible to use MEG since the 

switch in the pulsegenerator produced too much 

noise. Results of the this study, but only of the 

peripheral nerve injury group, were published in 

1999 and are presented in Chapter 4. Massive 

spontaneous muscle movement disturbances 

as in trigeminal neuralgia, not continuous pain 

as in the nerve entrapment group were the main 

reasons why the focus concentrated on the PNI 

group for further study. This part of the study was 

financed by the University of Twente.

Phase 2: a second phase was financed by the 

KNAW and performed between 2000 - 2001 at the 

MEG Center, VU Medical Hospital, Amsterdam 

(Dept. of Clinical Neurophysiology). Eight 

magnetoencephalographic measurements, using 

a  151 channel whole head MEG system were 

performed. Patients with a unilateral peripheral 

nerve injury of an upper extremity were measured 

to confirm repeatability and consistency of earlier 

findings at Twente University, since in Twente a 

different MEG was used. In this phase individual 

MRI’s were made. At the same time preparations 

were made for the third phase. 

Phase 3: the third phase started late 2004 after 

financial support was made available and the 

measurements ended summer 2008. This phase 

was built on earlier experiences (phase 1 and 2). 

The main goal of phase 3 was to systematically 

compare the cortically evoked responses in 

Complex Regional Pain syndrome I and II, and to 

assess the functional differences in comparison 

to a healthy control group. This phase consisted 

of three parts: 

(3A). Measurements were performed in a group 

of twenty healthy subjects to be studied under 

identical measuring conditions as the two patient 

groups. In the healthy subject group, at random 

standard electrical stimulation (Nuwer et al., 

1994, 1995) of the median and ulnar nerves of 

both hands was performed. In this study, results 

of these measurements were used as reference 

database for the patient’s measurements. Chapter 

5,6 and 7 present the questions addressed and 

results after standard electrical median and nerve 

stimulation in this group. 

(3B).  CRPS II. This group consisted of twenty 

patients with an assessed peripheral nerve 

injury and continuous pain. In this group at the 

time of the measurements 4 patients had clinical 

symptoms of CRPS, from the other 16 the medical 

history indicated that CRPS was present. The 

target nerve to stimulate electrically was either 

the median or ulnar nerve, away from the initial 

trauma and not directed at the injured nerve. Thus 
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after ulnar nerve injury, median nerve stimulation 

followed etc. The first measurement was at the 

uninjured hand, the second at the injured hand 

(pain state). A third measurement after a local 

anesthetic block with 1 -2 ml Lidocaine 1% 

followed until the patient was fully pain free. The 

third measurement was performed to study the 

cortical effects of the anesthetic block. Report of 

this phase is presented in Chapter 8. 

(3C) By definition of the International Association 

for the Study of Pain (IASP), presented in the 

Classification of Chronic Pain (Taskforce on 

Taxonomy, 1994), a type I and II is distinguished 

although clinical symptoms presented in the 

definition are identical. In CRPS II a peripheral 

nerve injury is present. The CRPS I group inclusion 

criteria in this study were based on the Bruehl 

research questionnaire (Bruehl et al., 1999) and 

patients in this group had to suffer from continuous 

pain. After inclusion standard electrical nerve 

stimulation was directed either to the median 

or ulnar nerve. If i.e. CRPS I developed after a 

metacarpal fracture of the fifth digit, median nerve 

stimulation was chosen in order not to  aggravate 

pain. Part 3C of this thesis is presented in chapter 

9 which combines the results of this group and 

the CRPS II group (see 2). This part of the study 

(1 to 3) was technically supported by the Medical 

Center Alkmaar (Department of Radiology) and 

University Medical Center (MEG Center).  

3.2.2  Measuring setup and registration of the 

data

Phase 1: magnetoencephalographic measure-

ments were performed at the University of Twente 

(Low temperature division) in a magnetically 

shielded room (Vacuum Schmeltze GmbH, Hanau, 

Germany) using a 19-channel magnetometer 

system, allowing for the measurement of only 

one hemisphere at the time. To cover a larger part 

of the brain, MEG measurements from multiple 

positions were combined. For each patient position 

with respect to the dewar, three coils, placed at the 

nasion, left and right ear were activated and their 

position was determined with respect to the MEG 

system. A POLHEMUS position tracker was used 

to define these coil positions, as well as the EEG 

electrodes positions, with respect to landmarks 

on the head. The x, y and z axes system used 

for all measurements was based on three coils, 

one each at the nasion and right and left ear. The 

posterior (negative) – anterior (positive) x-axis 

runs from inion to the nasion. Placements of the 

coils was performed and supervised by the same 

investigator to ensure comparable coil placement 

within patients. After changing the lateral position 

of each patient in order to stimulate the other hand 

or foot, before each measurement the position of 

the coils was redefined. 

The EEG measurements were also performed 

in the magnetically shielded room in order to 

diminish external noise. Potentials were recorded 

using a thirty-two or more electrode system 

The 19 channel MEG used at Twente University
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placed on the scalp according to the international 

10-20 system. Resistance at each electrode had 

to be < 5 k Ohm. Signals from the electrodes 

were amplified and fed through the same systems 

as the signals from the magnetometer. During 

magnetic measurements the subjects were lying 

comfortably in lateral position. The subjects and 

patients were given no specific task to perform, 

but were asked not to move and to stay awake with 

the eyes open and to fixate on the same spot. The 

position of the head was stabilized with a vacuum 

pillow. Between the measurements patients were 

allowed enough time to rest. Standard electrical 

nerve stimulation was applied by means of two 

cotton disk electrodes at the ankle (posterior tibial 

nerve) or at the wrist (median nerve), the cathode 

proximal (Nuwer et al., 1994). Square-wave 

constant current pulses with a duration of 0.6 ms 

were applied. The stimulus rate was randomly 

varied between 0.9 and 1.2 Hz or was fixed at 

0.6 Hz. The amplitude of the stimulus was slightly 

above the motor threshold (about 7 mA) producing 

a clear painless twitch and paraesthesias in the 

thumb or the big toe. First the unaffected median 

or posterior tibial nerve was stimulated, then the 

affected side. All measurements were repeated 

twice, in order to detect possible artifacts and 

check reproducibility. In patients using a spinal 

cord stimulator, measurements at the affected 

hand or foot were repeated in the pain free state. 

The latency of the response was measured from 

the onset of the stimulus to the time instant of 

peak amplitude in the chosen wave. The data 

acquisition equipment contained an artifact 

rejector that deleted disturbed epochs. Off-

line averaging was performed after 200-300 

responses. 

During the study, three (3/8) patients were treated 

for their pain with unilateral spinal cord stimulation 

(SCS). SCS is an invasive technique whereby an 

electrode is introduced percutaneously into the 

posterior part of the spinal canal, positioned 

extradurally in order to stimulate the dorsal 

columns. During implantation and positioning 

of the electrode under local anaesthesia and 

fluoroscopy, in each patient paraesthesias in the 

affected area have to be found in close cooperation 

with the patient. Once stimulation was achieved 

in the pain overlapping area, the time needed for 

each patient to become pain free was monitored. 

The subcutaneously implantable pulse generator 

normally used for spinal cord stimulation after 

positive testing, contains a magnetic switch 

which generates high magnetic disturbances. 

Consequently, magnetic measurements could 

not be carried out once the pulse generator had 

been implanted. Therefore, after implantation 

of the spinal electrode, evoked magnetic fields 

were recorded using an external pulse generator. 

The latter was placed outside the shielded room 

and was connected to the patient by means of 

long cables. Patients who underwent SCS were 

measured before SCS and after SCS. The second 

measurement was performed once the patient 

was pain free. EEG measurements were also 

performed months later in time to assure that the 

results were reproducible. 

Between the measurements of each hemisphere, 

the patient was allowed a rest since during a 

measurement the patient remained in the lateral 

position. Coils at nasion, left and right ear remained 

in position and before each measurement the 

head to the MEG device position was reassessed 

electronically producing comparable data. For 

EEG, positioning of the electrodes and gaining 

acceptable resistance took around 30 minutes. 

Data registration and processing was achieved 

using ANS software (ANT, Enschede, The 

Netherlands). Dipole calculations were made 

numerically and projected to a sphere. Since no 

MRI’s were made, projections on an individual MRI 

was not performed. Off-line data management 
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was executed using local software programs like 

SPSS. 

Phase 2: in phase 2 the measurements performed 

at the University of Twente were repeated for 

consistency and repeatability at the MEG Center, 

VU University Medical Center, Amsterdam. Eight 

patients with a peripheral nerve injury were 

enrolled. In this phase, the consistency and 

reproducibility of Twente results were assessed 

and supported earlier findings at Twente. The 

protocol of the main study, measuring setup was 

defined as well as the protocol to produce the 

MRI’s. 

Phase 3: in phase 3 MEG - MRI recordings (VU 

University Medical Center) were performed.

A 151-channel whole-head magneto encephalo-

graphy system (CTF, Port Coquitlam, Canada) 

was used and measurements were performed 

in a 3-layer magnetically shielded room (Vacuum 

Schmeltze GmbH, Hanau, Germany). The x, y and 

z coordinate system, common to each individual 

MEG and MRI, was based on three anatomical 

landmarks and positioning coils were fixed to the 

nasion, and left and right pre-auricular points. Using 

the positions of these fiducials a head centered 

coordinate frame was defined. Placements of the 

coils was according to instructions of the MEG 

center and supervised by the same technician, 

as much as possible, to avoid inter-technician 

differences. The (+) axis was directed to the nose, 

the (+) y-axis to the left ear and the (+) axis to 

the vertex. MEG signals were sampled at 1250 

Hz, triggered by the synchronization pulse of the 

electric stimulator. On-line, filters were set at direct 

current for high-pass and at 400 Hz (4th order 

Butterworth filter - IMST GmbH, Kamp-Lintfort, 

Germany) for anti-aliasing low-pass. Off-line the 

magnetoencephalography data were screened for 

artifacts, averaged and Direct Current-corrected 

using the pre-trigger interval to determine the 

recording offset. Furthermore, +/- averages 

were calculated to obtain noise-level estimates. 

The raw data were visually inspected after data 

acquisition. Trials showing clear artifacts caused 

by eye blinks or by muscle activity, e.g. due 

to swallowing, were removed from the dataset. 

Brain MRI registration was performed with a 1.5T 

3d-MRI (Siemens Sonata, Erlangen, Germany). 

The following parameter settings were used in 

the Medical Center Alkmaar and VU University 

Medical Center: sagittal slice orientation, slice 

thickness 2 mm, FOV 256mm, scanmode fl3d, 

scan technique 20 magnitude, TR 11,8 ms, 

echoes no. 1, TE 5ms, flip angle 30 degrees 

Whole head MEG setup in the shielded room

Courtesy MEG CTF International Services Ltd.
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and contrast enhancement was applied. Lastly, 

the number of signals averaged was 2, scan 

matrix 256, reconstruction matrix 256, TI 0 and 

frequency 63,6 MHz. The MEG-MRI common 

reference system was defined on the basis of 

three anatomical landmarks (vitamin E capsules, 

5 mm of diameter) fixed on nasion, left and right 

pre-auricular points. The MRI scan planes were 

set parallel to the above defined MEG localization 

coordinate system. In this way, we achieved 

superimpositions on MRI images with a precision 

of 2–3 mm as previously shown using simulations 

with artificial “dipoles” within a skull. The entire 

MRI procedure lasted about 30 min and was 

well tolerated by all subjects. Data storage was 

performed and made available on CD for off line 

data processing. 

3.2.3 Collection and processing of the data

On line data monitoring and acquisition, and off 

line data averaging and rejection of too disturbed 

channels was performed at the MEG Center. 

MRI’s were used for individual head modelling 

using manufacturers MEG software (CTF software, 

Port Coquitlam, Canada). Based on each MRI, an 

individual head model was defined that was used for 

dipole calculations and electronic display of the brain 

maps.    Together with Advanced Neuro Technology 

software (ANT A/S, Enschede, The Netherlands) 

used for graphical display, CTF software was 

employed for the assessment of peak latencies, 

peaks, compressed waveform profiles (CWP), 

global field power (GFP), six dipole characteristic 

calculations (three dipole position, two orientation 

and strength) and graphical display. All MRI’s and 

averaged datasets, using CTF and ASA software, 

were processed. From these results, all parameters 

(N=10) were either calculated or converted into plots 

(e.g. the GFP plots for each individual or a group) or 

into maps (e.g. all brain maps). 

3.2.4 Statistical analysis

This study was designed as an explorative, 

observational study of the parameters that 

describe the cortical evoked responses in healthy 

subjects, CRPS I and CRPS II – PNI patients. 

Since no prior experimental and quantitative 

results as to the magnitude of the expected 

effects were available, a formal calculation of a 

prespecified power was not possible. Absence 

of an a priori sample size calculation based on 

power analysis emphasizes that a statistically 

nonsignificant result must be interpreted with 

caution since an existing difference may not 

be detected due to excess variability in the 

data and / or too small sample sizes. Therefore 

posterior powers have been calculated where 

appropriate. Owing to the moderate availability 

of PNI patients with continuing pain, groups of 

only twenty subjects and patients were selected. 

Experimental design consisted in all cases of 

simple two independent or dependent groups 

comparisons. Only contralateral hemispherical 

activity was analyzed in this study for comparison 

of the subject and patient groups. Statistical tests 

used were the independent groups t-test (or its 

non-parametric equivalent the Mann-Whitney 

rank sum test where appropriate) for between 

groups comparisons, and the paired t-test (or its 

non-parametric equivalent the Wilcoxon signed 

ranks test where appropriate) for within groups 

comparisons. A p-value less than 0.05 was 

considered as a statistically significant rejection 

of the null-hypothesis specified with two-tailed 

alternative hypotheses. Effect sizes and p-values 

are reported wherever relevant magnitudes of 

effects existed. Effect size (ES) is a numerical 

way of expressing the strength or magnitude 

of a reported relationship (Olejnik et al.,2000; 

Nakagawa et al., 2007) be it causal or not, and is 

defined as:
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Effect Size (E.S.) = mean experimental group – mean control group

 standard deviation control group

By offsetting the effect against the standard 

deviation of the controls, effect size is a measure 

of clinical relevance. An ES of  plus or minus one 

unit means that the size of the effect is plus or 

minus 1 standard deviation, i.e. about two thirds 

of the normal biological variation. In addition 

to the effect size, the statistical power of a test 

was computed in cases where the test was 

negative (null hypothesis not rejected) and it was 

considered important to report the probability that 

the effect found in the sample could be excluded 

as a measure of the population value. Control for 

multiple testing was deemed unnecessary since in 

this explorative study no common hypothesis or 

theory covering two or more individual statistical 

tests was present. Control for the family wise error 

rate is important only when a conclusion based 

on several statistical tests is falsified, if at least 

one of the underlying tests is negative (Benjamini 

et al., 1995, Perneger, 1998). Given the clinical 

significance of our results and the likelihood of 

an increase of type II errors, control for the family 

wise error rate, i.e. a Bonferroni correction, was 

not performed. Statistical analysis was performed 

using SigmaStat 3.5v software (Systat Software, 

Inc. Point Richmond, CA, USA). Powers have 

been computed with the program PASS 6.0 

(NCSS, Kaysville, UT, USA). 
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Abstract

Somatosensory evoked magnetic fields and 

electrical potentials were measured in eight 

patients with unilateral neuropathic pain. After 

median nerve stimulation on the painful side, 

the amplitudes of the evoked responses were 

enhanced 2 to 3 times at a latency of about 

100 ms compared to the responses of the 

contralateral, unaffected side. After posterior 

tibial nerve stimulation an enhancement was 

found at latencies around 110 ms and 150 ms. 

The scalp distribution of the magnetic field at 

the latencies of “abnormal” responses was 

dipolar and the responses could be ascribed 

to a current dipole. Three (of the eight) patients 

underwent spinal cord stimulation (SCS) for their 

pain. The enhancement of the evoked responses 

to stimulation of the painful side decreased after 

spinal cord stimulation. After a long period of 

spinal cord stimulation only (e.g., a year) during 

which the patient reported to be pain free, these 

“abnormal” responses were no longer observed.
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Introduction

Electrical potentials and magnetic fields 

experimentally evoked by painful stimuli (“douleur 

laboratoire”) have been investigated extensively 

(Hattunen et al. 1986; Dowman 1994 a,b,c; Bromm 

1995). The waveforms of early components, i.e., 

the components at latencies less than 90 ms, are 

related to sensory aspects of pain perception. The 

later components such as the electrical N150 and

P250 are ascribed to the appraisal of the painful 

stimulus (Bromm 1984; Joseph et al. 1991; 

Laudahn et al. 1995; Flor et al. 1995). The aim 

of our work was to study evoked responses in a 

group of patients who suffered from the sequelae 

of traumatic neuropathic pain and the responses 

once the patient became pain free after spinal 

cord stimulation (SCS). We investigated the 

magnetic fields and electrical potentials evoked 

by stimulation of the median nerve or the posterior 

tibial nerve in eight patients suffering from 

unilateral neuropathic pain. Ten healthy volunteers 

were also examined as a reference group. The 

responses to stimulation of the unaffected and 

injured sides were compared. During our study 

three (of the eight) patients underwent spinal cord 

stimulation (SCS). Patients who underwent SCS 

were measured before SCS and after SCS. SCS 

is an invasive technique whereby an electrode is 

introduced percutaneously into the spinal canal 

in order to stimulate the dorsal columns for pain 

relief. During implantation and positioning of the 

electrode under local anesthesia and fluoroscopy, 

paraesthesias in each patient in the affected area 

have to be found in close cooperation with the 

patient. Both MEG and EEG are due to the same

sources, although EEGs are generated by 

sources irrespective of their directions while 

MEGs are principally generated by sources that 

are oriented tangentially with respect to the skull. 

Consequently, similarities between the waveforms

of evoked potentials and evoked fields are to be 

expected. Usually, magnetic field measurements 

require fewer trials for averaging to obtain 

a sufficiently high signal-to-noise ratio than 

measurements of the potentials. Moreover, 

they may offer a better spatial resolution of the 

underlying sources if more sensors are used.

Subjects and methods

Subjects

Brain responses to median or posterior tibial 

nerve stimulation were examined in ten healthy 

right-handed volunteers (1 woman; 9 men; in 

the range 20 to 55 years; mean age 29 ±9 SD) 

and eight patients who suffered from unilateral 

neuropathic (traumatic) pain (4 women; 4 men; in 

the range 35-70 years; mean age 46 ± 11 SD). All 

patients gave their consent to this non-invasive 

study. Three patients had a spinal cord stimulator 

implanted and measurements were carried out 

before (3 days), immediately after SCS (within 

one week after electrode implantation), and again 

after a longer period of SCS (from six months to 

three years). The level of the four electrode tips 

of the Quad electrode (Medtronic) was between 

C5-C7 for arm and hand and Th10-Th12 for the 

leg, just outside the midline of the vertebra (on 

fluoroscopy) on the affected side. After a period of 

about 2 weeks of successful stimulation an Itrell-2 

or 3 pulse generator (Medtronic) was implanted 

subcutaneously. SCS was the only therapy for 

all three patients after implantation. The case 

histories of these three patients are presented 

below in detail. 

Patient A was a 47-year-old female who had had 

an accident in 1993. After the accident she suffered 

from pain at the ankle. The right superficial sural 

nerve was transected and embedded in the fibula. 

The operation failed to relieve her pain, the original 
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pain at the ankle recurred. The EMG showed a 

good response after stimulation of the sural nerve 

on the left side, but there was no reaction on the 

right (injured) side. Sensation both on the back of 

the right foot and laterally in the area of the sural 

nerve was lowered. There was also a paresis of 

the plantar flexors of the right foot (grade 4). 

Patient B was a 69-year-old male who suffered a 

serious accident to his right hand in 1979 so that 

the fourth and fifth finger had to be amputated. 

Subsequent operations to the hand failed to relieve 

his pain. The patient complained of hyperpathia, 

allodynia, a shooting and burning pain and 

intolerance to cold in the area of amputation. He 

was unable to use the remaining three fingers and 

had to protect his hand continuously in daily life. 

All earlier therapies like transcutaneous electrical 

nerve stimulation (TENS), stellate ganglion blocks 

and tricyclic anti-depressant drugs failed to 

relieve his pain.

The general condition of the patient was good. In 

1993 the patient underwent SCS at the cervical 

level (entrance of the electrode at Th2 - Th3) and 

became pain free. 

Patient C was a 50-year-old male with damage 

to the posterior tibial nerve on the left side after 

several tendon operations to the ankle in 1991. 

In 1992, the posterior tibial nerve was found to 

be entrapped in scar tissue. The neurolysis that 

was performed failed to relieve the patient’ s 

complaints. These consisted of persistent pain 

at the medial side of the ankle and in the foot, 

stiffness and inability to walk. After the neurolysis 

there was neither motor weakness nor sensory 

loss. During exercise the patient described that 

he had the impression that the area of the pain 

was enlarging. This patient was in a good general 

condition. After SCS in 1995 (entrance electrode 

between L2-L3 and the four electrode tips over 

Th10) and paraesthesia in the area of the pain, he 

experienced pain relief and was able to walk over 

longer distances.

Methods

Magnetic field measurements were carried out in 

a magnetically shielded room using a 19-channel 

magnetometer (Brake et al. 1990). The component 

of the magnetic induction perpendicular to 

the head was measured. The signals from the 

magnetometer were amplified and filtered by a 

high-pass digital filter at 0.1 Hz and a low pass 

filter at 450 Hz. The data acquisition equipment 

contains an artefact rejector that deletes disturbed 

epochs. The implantable pulse generator 

normally used for spinal cord stimulation 

contains a magnetic switch which generates high 

magnetic disturbances. Consequently, magnetic 

measurements cannot be carried out once the 

pulse generator is implanted. After implantation of 

the spinal cord electrode, evoked magnetic fields 

were recorded using an external pulse generator. 

The latter was placed outside the shielded room 

and was connected to the patient by means of 

long cables. The position of the magnetometer in 

relation to the head is illustrated in figure 3. The 

measurements of potentials were also performed 

in the magnetically shielded room in order to 

diminish external noise. Potentials were recorded 

using thirty-two or more electrodes placed on the 

scalp according to the international 10-20 system. 

Signals from the electrodes were amplified and 

fed through the same filters as the signals from the 

magnetometer. During magnetic measurements 

the subjects were lying in the lateral position. The 

volunteers and patients were given no specific 

task to perform, but were asked not to move and 

to stay awake with the eyes open. The position of 

the head was stabilized with a vacuum pillow. The 

electrical stimulus was applied by means of two

cotton disk electrodes at the ankle (posterior tibial 

nerve) or at the wrist (median nerve). Square-

wave constant current pulses with duration of 0.6 

ms were applied. The stimulus rate was randomly 

varied between 0.9 and 1.2 Hz or it was fixed 

at 0.6 Hz. The amplitude of the stimulus was 
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slightly above the motor threshold (about 7 mA) 

producing a painless twitch and paraesthesias in 

the thumb or the big toe. A POLHEMUS position 

indicator was used to define the location and 

orientation of the magnetometer coils and the 

electrode positions relative to landmarks on the 

head. Off-line averaging was done after 200-300 

responses. All measurements were repeated 

twice, in order to detect possible artefacts and 

check reproducibility. 

 
Fig. 1. presents the magnetic responses to median nerve 

stimulation as a function of the interstimulus interval ISI; a) 

ISI=3 sec, b) ISI=2 sec ± 50% randomisation, c) ISI= 2 sec, d) 

ISI= 1 sec, e) ISI= 0.5 sec. Timeframe is 350 ms post stimulus 

and vertically the amplitude in femto tesla. 

The latency of the response was measured from 

the onset of the stimulus to the time instant of 

peak amplitude in the chosen wave. Increases 

of the evoked responses were characterized by 

the ratio of the signals measured under varying 

circumstances at a chosen time instant. A two-

way ANOVA (analysis of variance) was performed 

to compare the responses, evoked at both the 

painful and unaffected sides, and the responses 

of healthy volunteers and patients. Statistical 

data based on the paired t-test are presented for 

periods of interest in which distribution patterns 

of the magnetic field or electrical potentials were 

stable. All reported p-values are two tailed. From 

the magnetic field measurements an equivalent 

dipole was localized by means of Advanced 

Source Analysis program using the Marquardt 

algorithm (Marquardt 1963). Three concentric 

spheres described the head.

Results
The measured electrical and magnetic responses 

of the ten healthy volunteers to the median 

and posterior tibial nerve stimulation showed 

waveforms which were consistent with those 

presented in the literature and are considered 

to be normal (e.g., Rossini at al. 1994; Kany and 

Treede 1997; Hoshiyama et al. 1997). Responses 

after stimulation of the nerves on both sides were 

similar, in the sense that they showed the same 

waves, although the polarity and amplitude of the 

waves is position dependent. All waveforms of 

the responses of healthy subjects showed some 

common features: 

a) the responses were maximal over the 

contralateral hemisphere 

b) after median nerve stimulation, the first peaks 

were found around 20 and 40 ms after stimulus 

onset 

c) after posterior tibial nerve stimulation the first 

peaks were found at a latency around 40 ms 

d) the topographical maps of the potential or the 

magnetic field of the middle-latency components 

did not change considerably in a period of 20 ms 

around the peak latencies, suggesting that the 

generators were not changing their position 

An example of an SEF to median nerve 

stimulation as a function of the interstimulus 

interval, measured over the contralateral side is 

shown in figure 1. It was found that after a break 

of only a minute between stimulation sequences, 

the amplitudes of the next sequence would start 

somewhere between the initial and final values of 

the first, “fresh” sequence. A recovery time of 3-5 

minutes was required to ensure that the signals 

were not influenced by the former sequence of 
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measurements. Typical peak values of the evoked 

responses measured at the contralateral side 

at a latency of about 80 ms after median nerve 

stimulation were 10 uV for SEP and 800 fT for 

SEF. Typical peak values of the evoked potentials 

measured at the contralateral side at a latency of 

about 110 ms after tibial nerve stimulation were 

8 uV. Eigenvalue decomposition was performed 

for the distributions found in the period of 20 

ms around a peak. It was found that the largest 

eigenvalue could explain more than 80% of the 

signal.

Patients. 

Magnetic measurements were preferred whenever 

possible to avoid extended measurement 

sessions. The responses following median and 

tibial nerve stimulation of the unaffected side 

of the eight patients were similar to those of 

the healthy volunteers. However, the responses 

following stimulation of the painful side differed 

substantially. In all eight patients, the amplitudes 

of both the magnetic and the electrical responses 

at a latency of 90 -100 ms after stimulation of 

the median nerve were enhanced 2 to 3 times 

compared to those in the control group. The 

responses after stimulation of the posterior tibial 

nerve were increased mainly at latencies of 115 

and 150 ms. This increase of amplitude was seen 

as an “additional wave” with an amplitude of about 

400 fT in the channel with the highest response. 

During source analysis, the waves peaking at 

latencies of interest were compared with the 40 

ms wave. The equivalent dipole at a latency of 40 

ms is presumed to be located at the highest and 

most medial portion of the postcentral gyrus, in 

areas 1, 2 and 3b (Fujita et al. 1995; Wikstrom et 

al. 1997). For this reason the location of this dipole 

is used as a reference for the equivalent dipole 

found at the latencies of enhanced responses. 

The measurements obtained from patients A, B 

and C are described below in detail.

Patient A. Magnetic responses to posterior tibial 

nerve stimulation measured over the contralateral 

hemisphere are shown in figure 2. Responses to 

stimulation of the (injured side) right posterior tibial 

nerve (red lines) and the left tibial nerve (blue lines) 

are superimposed. The responses in both records 

are about the same at latencies of 40 ms, 60 ms, 

and 75 ms but they are different at latencies of 

110 ms and 150 ms. The enhanced 110 ms wave 

is best seen in channels 1, 2, 7,17, and 18, and 

Figure 2. Magnetic responses to the posterior tibial nerve 

stimulation of patient A, while the patient was in pain; red 

lines - the injured leg stimulated; blue lines - the healthy leg 

stimulated. The measuring positions of the channels are 

indicated in figure 3.
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the 150 ms wave in channels 1,7,17,18, and 19. 

These waves can also be seen in the responses 

of corresponding channels after stimulation of the 

healthy leg. However, the ratio of the amplitudes 

of the responses of the injured side to the 

corresponding responses of the healthy side is 

high. An ANOVA performed on these data showed 

that the differences are statistically significant, 

t=4.05 and p<0.0001. Isomagnetic field maps for 

latencies of 110 ms and 143 ms after stimulation 

are shown in figures 3a and 3b. Source analysis 

showed that they could be ascribed to a single 

equivalent current dipoles within the brain. The 

dipoles are depicted in figures 3d and 3e. At a 

latency of 110 ms the measurements are for 

98% and at 143 ms for 92.5 % determined by 

the current dipole. For comparison, the dipole 

location found at a latency of 41 ms is also shown. 

This dipole explains the measurement for 99%. 

The dipole found at 143 ms latency is shifted 

about 4 cm in the frontal direction. No enhanced 

activity at the latencies mentioned above was 

observed in the evoked potentials measured nine 

months after SCS and the patients report to be 

pain free. The amplitudes of the responses after 

stimulation of the tibial nerve at the right and left 

side were about the same as illustrated in figure 4. 

Fig. 3. Isomagnetic field maps measured at latencies of: (A) 110 ms, (B) 143 ms, and (C) 41 ms; (D) and (E) the sources  indicated by 

arrows explain the magnetic responses: I) for 110 ms; II) for 143 ms; III) for 41 ms. The head is described by a spherical model. The 

19 channels used to measure the magnetic field are depicted. The axes are oriented as follows: x - toward the nasion, y - ear canal, 

z - vertex.
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As was mentioned before, nine months after pulse 

generator implantation only evoked potentials 

could be obtained.

During short intervals the pulse generator was 

switched off in order to perform measurements. 

Figure 5b shows the results after 15 minutes and 

figure 5c after 30 minutes of stimulation when the 

patient reported to be pain free. We summarized 

these findings in figure 5d (for one channel), the 

upper trace was recorded when the patient was 

in pain, the second, third and fourth interval after 

7, 20 and 30 minutes of stimulation, respectively.  

Figure 4. SEPs to the posterior tibial nerve stimulation in 

patient A, after 9 months of SCS treatment. Thin line: injured 

leg; bold line: healthy leg stimulated. SEPs were measured 

simultaneously in 64 channels. Only a few of the measurements 

are shown. Comparing the responses, measured while the 

patient was pain free, with those shown in figure 2, which were 

measured while the patient was in pain, it may be concluded 

that the 110 and 150 ms waves have disappeared.

Patient B. The following experiments were carried 

out after the implantation of the spinal electrode. 

In a single session evoked fields were measured: 

a) with the electrode in situ, without stimulation 

and the patient in pain, b) while stimulating with 

an external pulse generator and the pain fading 

away, and c) after switching the external pulse 

generator off and the patient was pain free. 

Records, after stimulation of the injured hand 

and measured with the magnetometer system 

in the same position above the left hemisphere, 

are shown in figures 5a-5d. Channel 1 is over C3. 

The positions of the other channels correspond 

to those shown in figure 3. Figure 5a presents the 

responses to median nerve stimulation before 

SCS was applied and the patient was in pain, 

though the SCS electrode was already implanted. 

The cortical responses at the latencies 20 ms and 

40 ms are similar to those of the normal subjects. 

At latency around 100 ms the evoked fields at 

the painful side differed considerably from those 

evoked at the unaffected (left) side, (shown in 

figure 5e). Next the pulse generator was switched 

on and the patient was stimulated for 30 minutes. 

Similar changes were found in the other measuring 

channels. Comparison of the responses shown in 

figure 5a with those shown in figure 5c shows an 

additional wave at latency around 100 ms when 

the patient was in pain. Measurements of this 

patient were repeated six months, two years, and 

three years after pulse generator implantation. 

At this stage only evoked potentials could be 

measured because of the magnetic switch. In 

the pain free situation the 100 ms components in 

the responses to median nerve stimulation of the 

right hand were not enhanced compared to the 

(unaffected) left hand or the healthy volunteers. 

An ANOVA showed that the observed differences 

were statistically not significant.

Patient C. Responses to posterior tibial nerve 

stimulation of the injured leg were measured 

before, during the session of SCS, and after 30 

minutes once the patient was pain free and the 

pulse generator was switched off. Responses 

after tibial nerve stimulation when the patient was 
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in pain (before SCS) and after SCS (patient was 

pain free) are shown in figure 6. Channels with 

the same number are at the same position over 

the head (channel1 is over electrode position C2). 

When the patient was in pain an increase of the 

amplitudes at latencies 110, 150 and 210 ms was 

observed. The activity at the latency of 150 ms is 

the most prominent for this patient and may be 

considered as an additional wave. This additional 

wave diminished after spinal cord stimulation. 

The statistical analysis of the waves when the 

patient was in pain or pain free showed significant 

differences, t=3.1, p=0.0022. 

 

DISCUSSION

The typical features of the responses after median 

and posterior tibial nerve stimulation in healthy 

volunteers, (as described by Kany and Treede 

1997) were comparable with the responses from 

the unaffected side of our pain patients. In all 

studied patients with longstanding neuropathic 

pain (in one case since 1979) an enhancement 

of the amplitudes, at latencies between 80 and 

150 ms, was seen in evoked fields and potentials 

compared to the unaffected side and the reference 

group. In MEG’s the increase in amplitudes at 

these latencies was 2 to 3 times higher to around 

400 fT. Because such a high enhancement was 

not observed in responses after stimulation of the 

nerve on the unaffected side, this non-painful side 

can be used as a control. In three patients who 

underwent SCS this enhancement was found 

to be reversible once the patient reported to be 

pain free. This was still true after considerable 

time. We also found that the magnetic field 

distributions of the enhanced waves were dipolar 

and the responses could be ascribed to a single 

current dipole. Similar findings were reported 

by Flor et al. (1995), who studied a group of 

low back pain patients, category XXVII. (IASP 

1994). When painful and non-painful electrical 

stimuli were given to a finger at the painful side, 

the 100 and 150 ms components of the evoked 

field were enhanced for both kind of stimuli, 

although for the latter the enhancement was 

less. The component at 100 ms was selectively 

enhanced to the stimuli of the painful site. Flor 

et al. assumed that chronic noxious stimulation 

would lead to an increased representation of the 

painful area in the somatosensory cortex. In their 

study nociceptive rather than neuropathic pain 

was studied. We used only non-painful stimuli 

and at a different site of stimulation. Differences 

in SEP in another group of low back pain patients 

were also reported by Knutsson et al. (1988).

Peripheral nerve injury gives rise to abnormal 

peripheral input and/or central processing 

and may persistently induce a state of central 

sensitization and pain (Woolf 1993). At the same 

time deafferentation produces neuroplastic 

changes in a period from days to weeks, a.o. 

a reorganization of cortical representations 

(Merzenich 1983 and 1991). 

We argued that if abnormal peripheral and/or 

central input is an underlying cause in neuropathic 

pain resulting in central sensitization (Woolf 1993), 

we could perhaps find evidence for this over the 

cortex and at the same time study the effects of 

SCS. The Gate Control Theory (Melzack and Wall 

1965; Willis 1995) has provided a theoretical basis 

for electrostimulation. The exact way in which 

SCS alleviates pain is still unknown, a segmental 

as well as a supraspinal neuromodulatory 

mechanism has been proposed (Linderoth 1994; 

Meyerson 1975). Our findings are in agreement 

with the literature that chronic pain produces 

changes at the cortical level, in this study in 

neuropathic pain patients.

The disappearance of the amplitude enhancement 

of the middle latency components, after SCS and 

the patients report to be pain free, suggests that 

  4
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these components are related to chronic pain. In 

Flor’s study this was shown for chronic nociceptive 

pain. Evoked magnetic fields and/or potentials 

may in time offer a way to monitor chronic pain 

and the effects of SCS since an objective way 

to study chronic pain is not so far available. This 

could have practical importance as it is known that 

the effects of SCS diminish in time (North, 1991).

We summarized these findings in Fig. 5E (only 

channel 11), the upper trace was recorded 

when the patient was in pain, the second, third 

and fourth interval after 7, 20 and 30 minutes of 

stimulation, respectively. 

Fig. 5A

Fig. 5C

Fig. 5B

Fig. 5D

Fig. 5A-5D. Records of the magnetic field measured at the same position over the contralateral hemisphere for median nerve 

stimulation of the injured hand of patient B; 5A) records of SEFs measured over the contralateral hemisphere for median nerve 

stimulation of the healthy left hand, 5B) before SCS when the patient was in pain, 5C) after 15 minutes of SCS, 5D) after 30 minutes 

of SCS, when the patient reported to be pain free.
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Fig 5E. Superimposed records of the magnetic field measured 

at different moments over the contralateral hemisphere after 

median nerve stimulation of the injured hand of patient B; a) 

first moment when the patient was in pain without SCS (red), 

b) the second after 7 minutes of SCS (blue), c) the third after 

20 minutes of SCS (purple) hardly pain but with a cold hand 

and d) the fourth after 30 minutes of SCS, and the patient in a 

completely pain free condition with a warm hand (black).    

Fig. 6. Records of the magnetic field measured at eight different 

positions over the contralateral hemisphere for posterior tibial 

nerve stimulation of the injured leg of patient III: before SCS - 

red line, and after 30 minutes of SCS and the patient was pain 

free - blue line. The observation points were the same during 

all measurements.
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Abstract

We examined the contralateral hemispheric 

cortical activity in MEG (151 ch) after unilateral 

median nerve stimulation of the right and left 

hand in twenty healthy right-handed subjects. 

The goal was to establish parameters to describe 

cortical activity of the hemispheric responses and 

to study the potential ability to assess differences 

in volunteers and patients. We focused on the 

within-subject similarity and differences between 

evoked fields in both hands. Cortical activity 

was characterized by the overlay display of 

waveforms (CWP), number of peak stages, loci 

of focal maxima and minima in each stage, 3D 

topographic maps and exemplified equivalent 

current dipole characteristics. The paired-wise test 

was used to analyze the hemispheric differences. 

The waveform morphology was unique across 

the subjects, similar CWPs were noted in both 

hemispheres of the individual. The contralateral 

hemispheric responses showed a well defined 

temporal-spatial activation of six to seven  stages 

in the 500 ms window. Consistent (in over 80% of 

subjects) the six stages across the subjects were 

M20, M30, M50, M70, M90 and M150. A M240 

was present in the Left Hemisphere (LH) in 15/20 

subjects and in the Right Hemisphere (RH) in 

10/20. Statistics of the latencies and amplitudes 

of these seven stages were calculated. Our 

results indicated that the latency was highly 

consistent and exhibited no statistical mean 

difference for all stages. Also no mean amplitude 

differences between both hemispheres at each 

stage were found. The patterns of magnetic 

fields in both hemispheres were consistent in 

70% of the subjects. A Laterality Index (L.I.) was 

used for defining the magnetic field amplitude 

differences between two hemispheres for each 

individual. Overall, the absolute amplitude of 

the brain responses was larger in the left than in 

the right hemisphere in the majority of subjects 

(16/20), yet a significant portion (4/20) exhibited 

right dominance of the N20m activity. Each 

individual exhibited a unique CWP, there was 

reliable consistency of peak latencies and mean 

amplitudes in median nerve MEG. Nevertheless, 

this study indicates the limitations of using the 

intact hemisphere responses to compare with 

those from the affected (brain) side and suggests 

caution in assuming full homology in the cortical 

organization of both hemispheres. This study 

provides some results to address clinical issues 

like which parameter describes individual 

differences best. Whether a genuine difference 

is found or whether any difference may simply 

represent the variability encountered in a normal 

population.  
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Introduction 

In the past 30 years of magnetoencephalography 

(MEG) research, the hardware technology 

changed from a single  sensor to over 300 SQUID 

sensors and the software from simple signal 

detection to complex MEG/MRI co-registration 

with various types of source analyses. This 

advance has greatly improved our appreciation 

of the brain organization in health and its 

reorganization after disease conditions (Rossini et 

al., 2001). MEG is reputed with special sensitivity 

to generators that reside in the sulcus and gyrus 

of the cortex, favoring a tangential orientation of 

the equivalent dipole representing 80% of the 

human brain sources (Flemming et al., 2001). It 

is almost independent of the electrical resistance 

distribution in the head and doesn’t need a 

reference. Thus, MEG is suitable to localize brain 

activities in spite of its difficulty to detect both 

radial generators and deep sources. One major 

field of MEG studies is focused on somatosensory 

research from healthy subjects to patients 

afflicted with a diversity of diseases and traumas. 

A better understanding how cortical plasticity 

in brain reorganization is related to the use (e.g. 

training effects) or disuse (e.g. deafferentation 

or stroke) and practical applications of MEG for 

clinical diagnosis/prognosis of disease sequelae 

can be anticipated. In MEG source imaging of 

clinical applications, caution is being discus- 

sed in recent publications (Babiloni et al., 2004; 

Fuchs et al., 2004; Rossini and Dal Forno, 2004). 

Particularly, the use of MEG in tracing the source 

(Wheless et al., 2004) is drawing a significant 

debate (Barkley and Baumgartner, 2003;  Barkley, 

2004; Baumgartner, 2004; Lesser, 2004; Parra et 

al., 2004). 

The first MEG report on somatosensory 

evoked fields, SEFs (Baumgärtner et al.,1991), 

demonstrated the anterior-parietal pattern of 

N20m-P20m and the reversal of the P30m-N30m 

in the contralateral hemisphere in response to 

median nerve stimulation in one hand. Rossini et 

al. (1994) compared the hemispheric differences 

of the evoked fields to unilateral hand stimulation 

of both hands and the homology implications 

were reported in a study on phantom limb pain 

(Karl et al., 2001; Schaefer et al., 2002). Rossini 

et al. (1994) focused on the location and strength 

of the equivalent sources activated in the primary 

somatosensory cortex (<50 ms) contralateral 

to the stimulated nerve. The Equivalent Current 

Dipole (ECD) model was used with the main aim 

of making a quantitative comparison between 

the responses of the two hemispheres. The 

spatial coordinates of the equivalent sources 

did not differ statistically significantly in the two 

hemispheres, but the strengths (in nAm) of the 

equivalent sources were significantly higher in 

the left hemisphere. This contralateral effect was 

confirmed in a small group of subjects (Soros et 

al.,1999).  

A “normative” data set was established in another 

Italian sample (Tecchio et al.,1998 and 2000) 

using the interhemispheric correlation coefficient 

as a parameter to study physiological and 

pathological neural connectivity. It was noted that 

consistency of SEFs across a hemisphere within 

a subject is far greater than among subjects. 

In the wave morphology, the similarity across 

the hemisphere is well defined as an individual 

signature between subjects. Wikström et al. 

(1997) studied the primary sensorimotor (SM1) 

and secondary somatosensory (SII) activation. 

The conclusion was that at the individual level the 

median nerve SEFs from the contralateral primary 

sensorimotor cortex (SMI) could be used to detect 

abnormally large interhemispheric asymmetries. 

The window of analysis has extended beyond 

the early stages to mid-latency somatosensory 

activation, from <50 ms to >100 ms. Kakigi et 

al. (1994) demonstrated that  the deflections, 
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N90m-P90m, were generated in the contralateral 

second sensory cortex (SII), a small N90m-P90m 

was identified in the hemisphere ipsilateral to 

the stimulation site. It is emphasized that the 

lack of responses in the sensory association 

cortices (parietal areas) may be due to radial 

oriented dipoles. The majority of  the studies 

use Equivalent Current Dipole (ECD) modeling to 

examine the sources of M20 and M30 in the SEFs. 

It is important to note that various assumptions 

are inherently imbedded in different methods of 

dipole analysis. For example, the N20m-P20m 

and P30m-N30m have often been explored with 

a single moving dipole model as a generator 

residing at the posterior bank of 3b for M20 (Kanno 

et al., 2003). In contrast, the generator of the 

M30 remains undetermined in case it is modeled 

by a single generator (Hari et al.,1993; Kakigi 

et al.,1994; Wikström et al.,1996; Hoshiyama 

and Kakigi, 2001), however the measurements 

can be explained by assuming two generators 

(Kawamura et al.,1996) in the SI-MI area. When 

dealing with mid-latency and late stages of SEP/

SEF, the spatio-temporal dynamics become even 

more complicated than at short latency stages. 

We question whether source localization and 

related parameters are the only way for the study 

of pathological conditions. In this study therefore 

we examined the normal state of cortical activities 

(evoked magnetic fields) in both hemispheres in 

response to standard median nerve stimulation in 

a window of 450 ms. We aimed at identifying the 

major parameters that practically could be used in 

a descriptive and analytical way for future clinical 

studies of neurological dysfunction and disease in 

patients. These studied parameters are important 

and based on the quantified hemispherical 

differences of the measured data. The parameters 

of the study deemed to be compact and easy 

to use in a clinical context. Finally we aimed at 

comparing the differential effects between the 

right and left hemisphere (RH and LH) in response 

to contralateral hand stimulation under identical 

stimulation conditions. 

Materials and Methods

Subjects and Median Nerve Stimulation

Twenty volunteers (14 males and 6 females, 

age range 32-45 years, all right handed) were 

recruited from the hospital staff, adequately 

informed and gave their consent. The Medical 

Ethical Committee of the Free University 

Hospital approved of this study. All subjects 

were healthy without neurological dysfunction. 

Handedness was established both using lists 

from the VU Medical Center which included arm 

and leg performance, secondary the Edinburgh 

Inventory which produced a lowest value of 0,8 

(7/20 subjects). Median nerve stimulation was 

performed at the wrist with a bipolar electrode, 

the cathode proximal (IFCN Guideline: Nuwer et 

al, 1994). Electrical stimulation was used since it 

is a very precise and common way of stimulation 

and it can induce the early components. To 

stimulate the median nerve in a standard way 

we employed an electrical stimulator (Grass, 

USA; model S48) using a photoelectric stimulus 

isolation unit (Grass, USA; model SIU7). The 

stimulation current was pulsed, at a repetition 

rate of 2 Hz and with a pulse duration of 0.2 ms. 

All subjects were studied in one session, lasting 

about 45 minutes. Stimulation was in counter-

balanced order between right and left hand across 

the subjects. Between stimulation of both hands, 

a resting period of 5-10 minutes was ensured. 

Stimulus intensity was tailored to the individual 

twitching level of each separate hand and reached 

a 1.5 x motor twitching level. The twitch threshold 

varied with the subject, was well tolerated and 

painless. Typical values were 6,1 - 7,7 mA (± 1,1 

mA). Five hundred events were recorded from the 

wrist surface of the median nerve in each hand. 
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MEG Recordings

MEG measurement data were recorded using a 

151-channel whole-head VSM gradiometer 

system (VSM MedTech Ltd., Canada) in a 3-layer 

magnetically shielded room (Vacuum Schmeltze 

GmbH, Germany). The layout of the recording 

montage and coordinate system is illustrated in 

Fig.1. 

The x, y and z coordinate system is based 

upon the nasion, left and right ear, the location 

where the coils are positioned that are used to 

determine the distance between the head and 

the measurement system. Using the positions 

of these fiducials a head centered coordinate 

frame is defined. The positions of all MEG 

sensors in head coordinates are thus known. 

Using the coordinates of the sensors in multiple 

recording sessions, corresponding to multiple 

head positions, we determined the best recording 

position, as the position in which the smallest 

rotation and translations were necessary to align 

all data sets. For the recordings per subject the 

positional variations were quite small; the mean 

rotation angle amplitude was 3.8 degrees, the 

mean translation distance was 0.4 cm. For the 

recordings of the entire group the variations were 

larger, the mean rotation angle amplitude was 5.6 

degrees, the mean translation distance was 0.8 

cm. The average subjects head was positioned 

0.02 cm left from the centre of the helmet. 

Recordings were performed in synthetic 3rd-

order gradient mode, using the manufacturers 

real-time software (Vrba, 1996). All subjects were 

in a comfortable supine position with the head 

well positioned in the helmet without much space 

left to move which might alter the position. The 

MEG signals were sampled at 1250 Hz, triggered 

on the synchronization pulse of the electric 

stimulator. The peri-stimulus interval was 50 ms 

pre-trigger and 450 ms post-trigger. On-line filters 

were set at DC for high-pass and at 400 Hz (4th 

order Butterworth) for anti-aliasing low-pass. No 

on-line or off-line high pass filters were used that 

might influence the outcome of the data, only 

a correction for DC based on the pre-stimulus 

interval of 50 ms. The system has a baseline of 

5 cm. Off-line the MEG data were screened for 

artifacts, averaged and DC-corrected using the 

pre-trigger interval to determine the recording 

offset. Also +/- averages were calculated to obtain 

noise-level estimates. The estimated distance 

between two neighboring sensors in the area of 

our interest is 2,67 cm. 

Fig. 1A-C. In the left panel (1A) montage of the 151 sensors is displayed and in the middle panel (1B) the spatial relations. In the right 

panel (1C) the x, y and z coordinate system of the VSM – MEG. Left (L) and Right (R) are the hemispherical sides, Z is for the midline, 

F (frontal), C (central), T (temporal), P (parietal) and O (occipital) depict the sensor groups related to different cortical areas. With 

permission: VSM MedTech Ltd. (Canada).
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MRI Recordings

Of all 20 subjects a MRI was made with a 3D-1.5T 

(Siemens Sonata) MRI using the same measuring 

protocol in two hospitals. The protocol was as 

follows: slice orientation was  sagittal, thickness 

2mm, TR11.8ms, nr. of echoes 1, TE 5ms, flip 

angle 30 degrees, nr of signals averaged 2, scan 

matrix 256 and reduction matrix 256. The results 

presented in Table 3 are based upon twenty 

individual MRI’s. 

Compressed Waveform Profile (CWP)

When the responses of all sensors are 

superimposed, a butterfly-like overlay plot is 

produced. We termed this whole head overlay 

plot the compressed waveform profile (CWP) from 

which the peak activation stages were isolated. 

It is conventional to define the somatosensory 

activities in the time domain into three different 

phases, an early (<50ms), mid-latency (50-90ms), 

and late (90-400ms) phase, each containing peak 

stages. The compressed waveform profile can 

effectively provide characteristics of the brain 

dynamics of the sensory, motor and perceptual 

brain regions. Moreover, it can exhibit individual 

patterns for the different subjects.

Focal Extrema

At each peak stage, the extrema reflect the sites of 

magnetic efflux and influx, respectively. From the 

topographic SEF pattern, the magnetic gradients 

and the locus of underlying current dipole can be 

deduced. The amplitudes of the focal extrema 

were used for statistical analyses. 

Laterality Index (L.I.)

A conventional index of the differences and the 

level of lateralization between the left hemisphere 

(LH) and right hemisphere (RH) responses is 

computed as the Laterality Index, L.I. (Jung et al., 

2003) according to the formula: 

 

L.I. = (LH-RH) / (LH+RH) 

 

where (LH – RH) in this study is the difference in 

amplitudes between the LH and the RH response 

at  the focal extrema (efflux and influx) expressed 

in femtotesla, fT (see also Fig.5). This means that 

in each hemisphere at a given peak latency two 

values are computed , the efflux (red) having a 

positive value and the influx (blue) as a negative 

one. All N20 (blue bars) depict the indices of 

the LH and RH based upon the influxes, all P20 

(red bars) represent the effluxes. We focused 

on  two latencies, 20 and 30 ms, since these 

two early peak latencies are well studied. When 

both hemispheres are equal in SEF magnitude of 

a subject, the L.I. on the y-axis should be zero. 

Thus, a positive L.I. indicates a higher magnitude 

in left (dominant) hemisphere than in the right one. 

If the L.I. is negative (down), there is less activation 

in LH than in the (dominant) RH.

Equivalent Current Dipole and Dipole 

Parameters

VSM (CTF) software was used to obtain the 

equivalent current dipoles (ECD) describing  the  

MEG data collected with the VSM-whole-cortex 

MEG/EEG System (151 sensors) and based upon 

the coordinate system depicted in Fig. 1C. The 

head was approximated with a spherical volume 

conductor for source analysis of MEG data. A 

conventional single equivalent current (moving) 

dipole analysis (e.g. Lin et al., 2003; Fuchs et al., 

2004) was used in this study for data evaluation. 

MEG data were co-registered with MR images 

using fiducial coils and vit. E markers. The head 

model was chosen to match the inner contour of 

the skull. This matching was done by eye. Epochs 

in the post stimulus 450ms time window, with 

clear SEF deflections  (as judged by comparison 

of average and plus minus average signal 
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amplitudes), were visually identified to select the 

cortical areas of interest for further analysis. At 

each of the peak stages the dipole characteristics 

were determined, data are only presented of the 

M20 and M30.  

Data management and statistical analysis

First stage data-analysis was done during 

measurements using the VSM software (release 

v4.16). The analysis window was 50 ms before 

and 450 ms after the stimulation. Each subject 

was asked to relax, to ignore the stimuli as 

much as possible, to keep the eyes open and 

refrain from blinking during the recording. A small 

number (max 50) of events containing too much 

disturbances due to movement or blinking was 

rejected for each dataset manually. All further 

data-analysis and presentation was performed 

employing software from ASA (Advanced Source 

Analysis, ANT A/S, The Netherlands) for graphical 

display.

  

Only the contralateral activity was analyzed in 

this study for comparison of the hemispheric 

activation in response to both right and left hand 

stimulation. In the first step, we created the 

compressed waveform profile (CWP) of all 151 

channels of SEFs in each subject and identified 

the (peak) stages. In our study we employed the 

following parameters: the latency and the number 

of the (peak) stages, site of activity (x, y and z), focal 

activity (magnitude) and the patterns of activation 

Fig. 2. Compressed Waveform Profiles (CWP), the superimposed channel waves for the 151 sensors in 20 normal healthy subjects. 

The magnetic field  strength (amplitude in fT) is vertical and the time window (0 - 350 msec) is horizontal. Most CWPs have an 

amplitude range from –350 to 350 fT, where necessary another scale was used, i.e. CG-05 where the range was from –50 to 500 fT. 

CG-01 and CG-08 are based upon a time window of 1sec during measurements and produced a different horizontal scaling. 

 RHc CWP LHc CWP RHc CWP LHc CWP
 Left median stimulation Right median stimulation Left median stimulation Right median stimulation

CG-01

CG-02

CG-03

CG-04

CG-05

CG-06

CG-07

CG-08

CG-09

CG-10
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(3D – topographic maps). In order to compare 

the two hemispheres we derived the following 

parameters: latency differences, laterality indices 

and the coefficient of variation (cv), an index of 

measurement consistency. All these parameters 

could be extracted without retort to dipole 

analyses. We finally studied overlay plots and 

grand averages of all subjects and established 

the dipole localizations of the M20 and M30 peak 

stages in relation to an individual MRI. A series 

of statistical analysis was conducted to compare 

these parameters in the hemispheres from right 

vs. left hand stimulation of the median nerve. 

Pair-t test was employed to evaluate the studied 

effects, with alpha of 0.05 adopted as significant.

Results

Compressed Waveform Profile (CWP) in SEFs 

Fig.2 depicts the morphology of the CWPs 

between the right (RHc) and left hemispherical 

(LHc) cortex in response to contralateral median 

nerve stimulation and contrast of CWPs in each 

hemisphere among twenty subjects. 

The left panel (RHc) displays the contralateral 

activation in response to left median nerve 

stimulation while the right panel shows the 

contralateral hemispherical (LHc) activation to 

right median nerve stimulation. The maximum 

amplitude (vertically presented) was between 

300 - 400 fT and the time window presented was 

restricted in all CWPs to 350 ms (horizontal axis). 

CG is the code for the volunteers, the results of 10 

are depicted. Inspection of Fig. 2 demonstrates 

large inter-subjects variability in CWPs, a relatively 

high intra-individual consistency of the two CWPs 

however in response to contralateral activation of 

both hands. It is noted that each subject revealed 

his/her unique signature. In all subjects both 

sharp early peaks can be distinguished as stages 

of high activity at later latencies, which extended 

over many milliseconds (i.e. CG01 and CG04). 

In our subjects up to 6 - 7 stages could be 

identified (see Table I). The initial one was a M20 

and M30 stage in all subjects, followed by the 

M50 stage in the left (18/20 subjects) and right 

(17/20subjects) hemisphere. The largest energy is 

found in the mid-latency M70 (all 20 subjects) and 

at the later stage M90 (both sides 18/20 subjects). 

The first two peaks (M20 / M30) are quite sharp 

but the fourth peak (around 70 ms, see Table 2), 

apart from its high amplitude, may extend over 

50 - 80 ms in duration, see Fig. 2 subject CG-04. 

At 150M another peak can be identified (left 18/20 

and right 20/20 subjects) as a 240M (left 15/20 

and right 10/20, respectively). Identification of the 

peaks at these stages was not only based upon 

the morphology alone but also upon maximum 

Root Mean Square (RMS) values. The RMS value 

is calculated over a data range that is selected 

from the overlay traces (CWPs) of all artifact free 

channels that are displayed and is an indication 

of power. We can identify appreciable differences 

in both morphology and (peak) stages between 

RH and LH in each subject. Thus, for detailed 

analysis of brain measures it is more accurate to 

examine the individual profile than to describe the 

averaged event related SEF as is often reported 

in the literature. Statistical analysis indicates no 

difference in the number of stages between the 

two stimulated hands (Table 1).  However, when 

comparing the two hemisphere peak activations, 

some values (in bold-italics) were not homologous 

though there was a large agreement. 
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Median Left hemisphere (LHc)

20ms 30ms 40ms 70ms 90ms 150ms 240ms

20/20 20/20 18/20 20/20 18/20 18/20 15/20

Median Right hemisphere (RHc)

20ms 30ms 40ms 70ms 90ms 150ms 240ms

20/20 20/20 17/20 20/20 18/20 20/20 10/20

Table 1. Peak activation stages observed for all 20 subjects in 

both hemispheres. At different latencies different number of 

(peak) stages were found.

Overlay Plot vs. Grand Averaged compressed 

waveform profiles

To appreciate the similarity and differences of the 

CWPs across the subjects, an overlay display was 

created which can be compared to the CWP of 

the grand average of the group.  Fig. 3 illustrates 

the differences in CWP between two displays 

showing larger and more differentiated signals in 

the overlay plot than in the grand average.

3D Topography of Somatosensory Evoked 

Fields

At three peak latencies, 20, 30 and 70 ms the 3D 

topography of SEF’s is displayed to illuminate the 

spatio-temporal dynamics of the cortical evoked 

magnetic field. These cortical dynamics are 

shown in Fig. 4 for a typical subject (CG-09).

In the upper part of Fig. 4 (CH), the evoked fields 

on the contra-lateral cortex after median nerve 

stimulation are shown. A clear dipolar configuration 

is found at these three latencies, the polarities in 

the RHc and LHc are in general opposite. The 

well known polarity reversal between 20 and 

30 ms is clearly seen, as is the stability of the 

polarity and magnetic field localization until 90 

ms (also see Fig.5). In the lower part of Fig. 4, in 

Right Hemisphere (medsef-Left-overlay plot) Right Hemisphere (medsef-Left- Averaged plot

Left Hemisphere (medsef-Right-overlay plot) Right Hemisphere (medsef-Right-Averaged plot) 

Fig. 3. The left part of the figure presents the overlay plot of the CWPs of 20 healthy volunteers after left and right electrical median 

nerve stimulation. The right part depicts the averaged CWPs of the same group. The enclosed scales: 100 ft in magnitude bar, 250 

ms in time bar.
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the ipsi-lateral hemisphere (IH), cortical activity is 

shown at the same latencies. Cortical responses 

on the ipsi-lateral side display activity that is not 

simply dipolar. These responses are initially more 

temporo-parietal but from 30 ms on more frontally 

localized. To appreciate the full range of brain 

activity the results of one subject are presented 

in detail. In Fig. 5 the isofield contour maps of a 

typical volunteer (CG-09) are depicted at different 

latencies. The field distribution shows a dipolar 

configuration from the fast first peak at 20 ms 

until 250 ms. This is true for both hemispheres at 

comparable peak maxima at around 20, 30, 50, 

70, 90, 150 and 240 ms. 

Across the time window of 0-350 ms, 7 sequential 

activations are observed as a bipolar pair at 20, 

30, 50, 70, 90, 150 and 240 ms. Between 20 and 

30 ms the evoked field polarity begins to invert 

and this is seen in both hemispheres. This first 

polarity reversal is seen in 17/20 subjects. In 

3/20 subjects however two early peak latencies 

are seen in the period of 20-24 ms. In these 

three subjects the polarity reversal was observed 

already between these to early peaks. In two 

subjects the reversal occurred later, between 40 

and 52 ms, in one subject in both hemispheres, 

in two subjects only in the LH or RH. In the LHc 

Fig. 4. Comparison of the patterns observed in the contra-lateral (C.H.) and the ipsilateral hemisphere (I.H.) in response to a left and 

right median nerve stimulation, in one single subject at  the 20 ms, 30 ms, and 70 ms. 

 Right hemisphere (RHc) Left hemisphere  (LHc) Right hemisphere (RHc) Left hemisphere  (LHc) Right hemisphere (RHc) Left hemisphere  (LHc)
 20ms 20ms 30ms 30ms 70ms 70ms

Fig. 5. The hemispheric spatial pattern of the evoked fields to median nerve stimulation for the contralateral left hemisphere (LHc) to 

the right hand stimulation and the contralateral right hemisphere (RHc) to the left hand stimulation in a single representative subject 

(HCG-09). In the top bar the different latencies are depicted, from M20 to M240. Efflux is depicted in red, influx in blue. Polarity 

reversal is both observed between 20/30 ms and 90/150 ms. A new observation of polarity reversal of the evoked field at 90/150 ms 

is also shown in both hemispheres. 

 20ms 30ms 50ms 70ms 90ms 150ms 240ms
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the evoked field remains stable up to around 90 

ms where the amplitude decreases and at around 

150 ms the field is inverted again and a second 

polarity reversal is observed, again cortical 

activity is dipolar but not as clear. In the RHc 

similar evolution can be seen. The corresponding 

SEF waveforms at each maximum and minimum 

site are illustrated in Fig. 5. The second polarity 

reversal is seen in 17/20 subjects, in 2 subjects 

no reversal at all is seen and in 1 subject only over 

the left hemisphere.

SEF maxima and minima, Peak Latencies and  

Amplitudes 

Table 2 provides an overview of the 7 peaks; 

their averaged latencies, the standard deviations 

Latencies (ms) M20 M30 M50 M70 M90 M150 M240

Stages 1 2 3 4 5 6 7

Right Hemisphere (mean) 20,9 32,8 44,2 68,6 92,0 148,5 252,5

(Standard deviation - Std) 1.8 2,4 4,9 6,4 9,0 18,3 30,5

c.v. (mean/Std) 0,08 0,07 0,11 0,09 0,09 0,10 0,12

LH (mean) 21,0 32,1 48,4 73,3 93,2 150,8 235,5

(Std) 1,9 2,3 4,3 5,4 8,6 22,1 15,9

c.v. 0,09 0,07 0,08 0,07 0,09 0,12 0,06

Latency Diff. (absolute) 0,1 0,7 4,2 4,7 1,2 2,3 17,0

Efflux in MEF (fT)        

Stages 1 2 3 4 5 6 7

RH (mean) 140,0 198,0 154,7 214,9 169.5 116,4 68,1

(Std) 87,5 105,3 84,3 82,8 56,2 50,6 19,5

c.v. 0,62 0,53 0,54 0,38 0,33 0,43 0.3

LH (mean) 174.6 210,8 166,8 220,8 168,5 122,5 68,8

(Std) 81.8 120,3 101,0 92,3 100,3 60,9 42,4

c.v. 0.50 0,57 0,60 0,41 0,59 0,49 0.6

Ratio RH/LH 0.8 0,93 0,92 0,97 1,0 0,95 1.0

Amplitude Diff. 34.6 12,8 12,1 5,9 1,0 6,1 0,7

Influx in MEF (fT)        

Stages 1 2 3 4 5 6 7

RH (mean) -168,9 -204,4 -150,4 190,6 -151.5 -112,6 -62,9

(Std) 69,1 122,6 91,5 77,3 66.7 55,1 31,0

c.v. -0,40 -0.6 0.6 0,40 0.4 0.5 0.5

LH (mean) -173.7 -206,9 -155,7 -200,7 -176,3 -107,3 -67,4

(Std) 99.0 107,6 92,6 67,7 76,5 74,6 24,8

c.v. 0.6 0.5 0,59 0,33 0,43 0,69 0.4

Ratio RH/LH 1.0 1.0 0,96 0.9 0.9 1,04 0.9

Amplitude Diff. 4.8 2,5 5,3 10,1 24,8 5,3 4,5

Table 2. Parameter values of the hemispheric responses to the uni-lateral median nerve stimulation (the italic bold values are the major 

differences between the two hemispheres). c.v = coefficient of variation.
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over both hemispheres, the absolute latency 

and amplitude differences. From these data it 

follows that there are no statistically discernible 

differences between the two hemispheres. 

The dispersion of variability across subjects is 

noticeable (c.v), especially in the later stages. 

Large interhemispheric variations within each 

activation stage are found. These values (in 

bold-italic) in Table 2 clearly illustrate substantial 

differences between two hemispheres at the 

latencies of M70 (mean of 4.7 ms) and M240 

(mean of 17.0 ms), as well as differences larger 

than 10 fT in some amplitudes. 

However in the left hemisphere the values of the 

positive amplitudes are shown in the majority of 

subjects. These results clearly indicated there 

was no complete hemispheric homology in brain 

activation magnitudes, even though the mean 

values in each stage were consistently larger 

compared with those in the right hemisphere.  

Laterality Index of hemispheric activities

The Laterality Index (L.I.), i.e. (LH-RH)/(LH+RH), 

is used to express the proportion of the “left-

Fig. 6. This figure demonstrates the distribution of the laterality index of 20 healthy subjects. Laterality Index of the Early Cortical 

Activation is defined as the (L.I. =<LH-RH>/<LH+RH>) at the early M20 and M30 peak stages. Scales: amplitudes in fT in the vertical 

magnitude bar, numbers in horizontal bar. 
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Position (cm) Orientation 

in degrees

Strenght

Peak Nerve N = 20 X Y Z Declination Azimuth nAm

20ms L. Med. 20 / 20 mean 0,83 -3,56 8,7 76,7 19,9 23,19

sd 0,93 1,71 0,6 13,8 12 8,29

cv (sd/mean) 1,12 0,47 0,06 0,17 0,6 0,35

95% c.i. -7,9 to 9,49 -18,7 to 11,5 3,37 to 14,3 46,1 to 199,5 -86,7 to 126,5 -50,6 to 97

R. Med. 20 / 20 mean 0,4 4,3 8,6 78,2 307,6 26,5

sd 0,76 0,39 0,7 9,2 109,2 11,1

cv 2 0,09 0,1 0,11 0,35 0,41

95% c.i. -6,3 to 7,1 0,84 to 7,76 2,37 to 14,83 -92,7 to 249,1 -665,1 to 1280,3 -72,2 to 125,2

X Y Z Declination Azimuth nAm

30ms L. Med. 20 / 20 mean 0,8 -3,5 9,1 106,2 210,4 30,3

sd 0,87 2,06 0,7 10,3 72,8 18,3

cv 1,12 0,6 0,1 0,09 2,89 0,6

95% c.i. -6,96 to 8,54 -21,84 to 14,84 2,87 to 15,33 14,5 to 197,9 -438,1 to 858,9 -132,5 to 197,7

R. Med. 20 / 20 mean 0,6 3,5 9,0 101,6 169,6 29,5

sd 0,98 1,98 0,9 14,82 72,18 14,03

cv 1,6 0,57 0,1 0,14 0,42 0,47

95% c.i. -7,15 to 8,35 -14,3 to 21,3 0,99 to 17,01 -30,3 to 232,7 -473,4 to 812,6 -95,1 to 154,1

Table 3. The dipole parameters in the right and left hemispheres in response to unilateral median nerve stimulation at M20 and M30. 

Position (x, y and z axis – see Table 1C), orientation (declination and azimuth) and strength (nanoAmperemeter - nAm).

Scalp 
MEF

M20 M30 M50 M70 M90 M150 M240

Efflux r 0.057 0.057 0.595 0.291 0.162 0.463 0.421

p 0.009 0.009 0.015 n.s. n.s. 0.05 n.s.

Influx r 0.057 0.675 0.695 0.367 0.088 0.566 0.543

p 0.009 0.001 0.003 n.s. n.s. 0.014 n.s.

Dipole 
Moment

r 0.27 0.308 0.673 0.635 0.126 0.248 0.036

p n.s. n.s. 0.004 0.006 n.s. n.s. n.s.

Table 4A. Correlations of field focal amplitudes and dipole moments between two hemispheres. At the early stages (M20 and M30), 

the SEFs between LHc (contralateral left hemisphere) and RHc (contralateral right hemisphere) were significantly correlated for both 

magnetic efflux and influx in MEG (r for Pearson correlation, p for p-value; significant values of p<0.05 are painted in shadows, n.s. 

for not significant)
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hemispheric dominance” and is only based 

on the amplitudes of the focal maxima and 

minima. Fig. 6 clearly demonstrates a majority 

of subjects having left-hemispheric dominance 

based upon amplitude although some subjects, 

i.e. 4/20 in N20 and 5/20 in N30, have a right-

hemispheric dominance. The N20 and P20 

showed distinctive patterns. The L.I. of N20 and 

N30 in the group are not the same, though both 

exhibited left hemisphere dominance (positive 

L.I.). In some subjects a 50 % higher amplitude 

in one hemisphere was found over the other. 

Such results would be considered  “pathological” 

(Jung et al., 2003). These results clearly indicate 

there is no complete hemispheric homology in 

brain activation magnitudes even in our healthy 

subjects. 

Dipole parameters and hemispheric 

differences

Table 3 lists the mean of the parameters of the 

equivalent dipoles at the time instants of M20 

and M30 of all 20 subjects using a single moving 

dipole model. The Confidence Intervals (C.I) for all 

parameters are listed. The 95% C.I. is defined as 

CI = mean ± 1,96 x SE 

and  the Standard Error (S.E.) as SE = SD/√n, n 

is the number of subjects in the group and SD is 

the Standard Deviation. Few of these parameters 

showed significant difference of means between 

the left and right hemisphere to contralateral 

median nerve stimulation. Though no group 

difference was shown statistically, there remained 

an appreciable absolute difference between two 

hemispheres within each subject when the values 

are examined on their individual basis (shown in 

Table 3). 

Table 4B. Correlations between SEFs and dipole moments within Right Hemisphere or Left Hemisphere

Efflux/
Moment

M20 M30 M50 M70 M90 M150 M240

LH r 0.697 0.707 0.772 0.617 0.605 0.286 0.313

p 0.001 0.0005 0.001 0.008 0.01 n.s. n.s.

RH r 0.629 0.778 0.621 0.755 0.564 0.288 0.099

p 0.003 0.0001 0.005 0.0001 0.015 n.s. n.s.

Influx/
Moment

LH r -0.622 0.707 -0.881 -0.818 -0.534 0.289 0.092

p 0.003 0.0005 0.0001 0.0001 0.027 n.s. n.s.

RH r -0.727 0.446 -0.777 -0.582 -0.472 0.312 0.14

p 0.0003 0.048 0.0001 0.007 0.048 n.s. n.s.
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Correlations of field magnitudes and dipole 

moments between two hemispheres

At the early phase  (M20-M50), the SEF influx and 

efflux were significantly correlated between two 

hemispheres, but not at the middle phase (M70, 

M90). At the late stage, only the activities at M150 

of both hemispheres were correlated (see Table 

4A). No correlation of the dipole moments (see 

Table 4B) was found between the two hemispheres 

in the very early stages, M20 and M30. 

Correlations of field magnitudes and dipole 

moments within each hemisphere

Even more revealing was the consistent high 

correlations (r= .45-.88 and p< 0,001) between the 

extracranial magnetic fields and the intracranial 

dipole moments. For both hemispheres, in the 

early stages, at 20M and 30M. 

Discussion

The main focus of our study was on the intra-

subject difference between the two hemispheres 

of each subject regarding the MEG responses 

to unilateral median nerve stimulation. The 

objective of our study was not primarily to explain 

differences between the evoked fields in the two 

hemispheres, but to identify  parameters that can 

be used to describe the observed differences. 

From the results it follows that none of the chosen 

parameters was in itself sufficient to describe 

all differences and that probably a combination 

is necessary in case pathologies are studied. 

We questioned whether there was complete 

hemispheric homology in activation stages, 

patterns, and strength of the two hemispheric 

responses given the unilateral stimulation on the 

median nerve of both hands. To that purpose 

we examined the similarities and differences 

of the contralateral cortical responses after 

left and right hand median nerve stimulation in 

healthy volunteers. Only under the assumption 

of absolute hemispheric homology, it would be 

possible to apply the recorded activities from 

one intact site to infer the affected side of the 

brain in patients. To this end, the results of this 

study would contribute to elaborate a normative 

parameter set to be applied in clinical practice 

The number of peak stages

Although the SEF to median nerve stimulation 

has been studied over a decade, there is no 

generally accepted nomenclature yet for the 

description of the compressed waveform profile. 

From the literature it followed that experimental 

settings were different with respect to the number 

of MEG sensors (4-306), pulse duration (0,2-0,3 

ms), stimulus frequency (2,0-2,7 Hz) interstimulus 

interval (150-1200 ms), sampling rate (125-4096 

Hz), number of trials (100-300), the time window 

(100-700 ms) and the offline processing of the 

data (filter settings) including differences in 

software used to process the data. Changes in 

the evoked fields were shown for example to be 

dependent on the interstimulus interval (Wikström 

et al., 1996). Another source of confusion can be 

the orientation of the used coordinate system. 

Tecchio et al.(1998) used x, y and z axes that differ 

from the ones used in the VSM or ASA software. In 

the latter software programs the x-axis is through 

the nose and the y-axis from the left to right ear. In 

Tecchio’s experiments the x-axis runs through the 

ears and the y is through the nose), their x - axis is 

therefore 90 degrees rotated clockwise.

Furthermore not all authors described the 

parameters consistently. Kakigi et al.(2000) 

described in a time window of 160 ms, 6 peak 

activations after median nerve stimulation. Hari et 

al.(1993) described in a time window of 325 ms, 3 

peak activations including SII. Tecchio et al.(1997) 

studied mainly the first two peaks. Wikström et 

al.(1997) studied peaks in a time window of 400 
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ms and described 4 major peaks. Lastly Rossini 

et al.(1994) also worked on normative datasets 

and described in a time window of 50 ms the 2 

major peak activations. 

The present study provides maximally seven SEF 

stages. The nature of the individual differences 

remains unclear. Out of these stages the most 

consistent peak activations are the M20, M30, 

M50, M70, M90 and M150. Late activation 

includes a 240M. The first two reflect the classical 

fast stages examined in the literature. Our results 

indicate the importance of the mid-latency and 

late stages in cortical response to median nerve 

stimulation. In fact the largest magnitude in 

cerebral response to median nerve stimulation 

occurs at the M70. The fast stages of M20 and 

30M are known to be of somatosensory origin, 

while the mean latency M70 may be of sequential 

sensorimotor origin. 

The spatial characterization of the SEFs    

Two main observations of spatial organisation 

from this study have not been reported previously. 

First, the regular bipolar patterns throughout the 

recording window as seen in Fig. 5, from early 

M20 to late M250, as the MEG in the literature 

is often limited to a shorter window.  Perhaps, 

the classical studies have been focused on the 

intrinsic sensory processing while considering 

the late stages as extrinsic cognitive related 

potentials. In our view, the M70, being largest in 

magnitude, may likely reflect the sensorimotor 

processing of the frontal motor stage. Additional 

later stages are also the continuation of sensory-

perceptual processing that last from 90 ms to 250 

ms in this study. The 90-130 ms being the period 

of SII processing, while from the 130 ms on being 

the SII to insular-cingulate limbic integration. 

The second new observation is that following the 

well-known polarity reversal between M20 and 

M30, an additional and second polarity reversal 

between M90 and M150 is observed. First, the 

magnetic field in the LHc (left hemisphere) at 20 

ms consisting of a dorsal negativity and ventral 

positivity, reverses at 30 ms. The field pattern of 

dorsal positivity and ventral negativity remains 

relatively stable until about M90, although the 

field strength decreases between M30 and 

M90, in both hemispheres. Second, between 

90 ms and 150 ms a second polarity reversal is 

observed. In this way the field patterns at  M20 

and the M150 have approximately the same 

polarity, although the orientation of the fields is 

slightly different. The RH (right hemisphere), from 

M20 to M240 depicts the same double polarity 

reversal but the polarities are opposite to the LH. 

It is as yet unclear how these changes relate to 

somatosensory processing between SI and SII 

(Hari and Forss,1999; Kakigi et al., 2000). 

Since little has been reported on the individual 

patterns of cortical activities, this study effectively 

demonstrates the great individual characteristics 

of cortical activation from the waveform measured 

in the CWP and associated topographic maps. 

The CWP is considered to be highly valuable in 

examining the hemispheric consistency of two 

hemispheres within the individuals and across the 

subjects (Tecchio et al., 2000).

Overlay Plot  vs. Grand Averaged compressed 

waveform profiles 

Usually only the group grand average is used 

to present measurements showing the main 

similarities across the subjects. The overlay display 

of the individual subjects greatly accentuates the 

differences among the subjects. The display of 

both the overlay plot and the grand average has 

been reported in pain research (Inui et al., 2003) 

The use of both plots as in Fig. 3 is advantageous 

and both can be effective to convey information 
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on brain activities.

Inter-Subject and Intra-Subject Consistency

Based on the CWP, number of stages in SEF 

and amplitude parameters, our study concurs 

with the findings of high inter-subject variability 

of SEF morphology and an intra-subject inter-

hemispheric consistency in cortical responses 

(Tecchio et al., 2000). In addition to the Tecchio 

report, this study is a major confirmation on the 

quantitative and normative description of the 

SEF values in a group of twenty healthy subjects. 

However, our results of the Laterality Index  (L.I.) of 

focal field magnitude lend against use of sample 

mean (no significant difference) in comparison of 

two hemispherical activities. In fact, a significant 

minority (4/20 subjects) exhibited a right-

hemisphere dominance. Our result is largely in 

agreement with a recent study (Jung et al., 2003) 

proclaiming that only a single subject (i.e. 1/16)  

presented  a right hemisphere dominance. Their 

conclusion was based on the laterality of the 

dipole moment of the N20/SEPs only, while we 

examined the full spectrum from early to late 

phase and were likely to show a higher number 

of subjects with a right hemispheric dominance. 

However 2 out of 16 subjects in that report had 

a “pathological condition” with more than a side 

difference of over 50 % in N20 in one hemisphere 

compared with the amplitude in the other (Jung et 

al., 2003). Our results exhibited a similar number of 

subjects with clear asymmetric amplitudes (4/20 

at over 40%, 2/20 at 50%; see the N20 in Fig.6). 

These results of “abnormality” of a 50% side 

difference in normal subjects may have to take 

into account when examining the hemispheric 

differences in stroke patients (Rossini et al., 2001). 

The results in this study are complementary to 

a similar ECD study by Wikström et al. (1997). 

Though other studies on the unilateral stimulation 

of human hands were reported by SEPs (Niddam 

et al., 2000) and by MEG (Simões and Hari, 1999), 

none of them examined the laterality or homology 

of both hemispheres pertinent to the discussion 

of this study. 

Nevertheless, recent reports and the results 

of this study strongly advocate the need to 

examine (a) the unilateral stimulation of one 

hand alone, (b) unilateral stimulation of both 

hands independently and (c) the relation of the 

hemispheric responses to hand dominance (Jung 

et al. 2003). In this way, we may further extent 

our understanding on the functional relations 

between hand and brain in health and in disease. 

Correlation between scalp field and dipole 

strength

At the early stages, M20 and M30, there was 

a high correlation between the observed 

extracranial magnetic fields and fields due to a 

single intracranial current dipole. In other words, 

a single dipole describes the source of the 

field adequately. The fact that there is a lower 

correlation at later time instants may simply reflect 

the fact that then more sources are active. 

Between hemispheric and within hemispheric 

correlations of dipole moments

The results in this study of correlations (Table-4) 

of SEFs led to the unexpected finding that no 

correlation of the dipole moments was present  

between the two hemispheres in the early phase. 

This effect, in turn may hamper the interpretation 

of dipole moments as measures of functional 

strengths of intact and affected brain sides. 

The degree of left hemispheric predominance 

in sensorimotor responses in the right-handed 

subjects has been described recently (Jung et al., 

2003) using equivalent current dipoles. 

Practical Implications

Any intra- and  inter-individual comparison between 

studies requires at least the same or a comparable 
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measuring protocol. This is true for accurately 

relating function and localization since the sub-

areas (3a, 3b and 1) of the human somatosensory 

cortex SI vary topographically to a certain extent 

(Geyer et al., 2000). Furthermore we have to bear 

in mind that sensory activation also depends on 

the type of stimulated nerve (Kaukoranta et al., 

1986). The results from our study may provide  a 

step toward a normative database comprising 

parameters that describe hemispheric activation 

in response to both left and right median nerve 

stimulation. Such an intra-subject inter-hemi-

spheric comparison has been established for 

studying the cortical reorganization in stroke 

patients (Tecchio et al., 2000; Rossini et al., 2001; 

Ossenblok et al., 2001), and is potentially useful in 

studies of spatial attention (Braun et al., 2002), 

sensory-motor gating (Wasaka et al., 2003), 

writer’s cramp (Braun et al., 2003) in normal 

healthy subjects. But it will also be useful for the 

assessment of paraplegic patients (Ioannides et 

al., 2002), and of chronic pain patients (Maihofner 

et al., 2003; Theuvenet et al., 1999). The question 

which parameters should be preferred to describe 

differences in patients after evoked cortical 

activation depends on the objectives of the study. 

In the pain studies differences in amplitudes were 

measured and the result of pain therapy was 

established by looking at amplitude changes. 

Studying differences in patient groups may 

provide important information for clinical practice. 

By way of inference from normal and pathological 

conditions, the results of  our study are of value in 

order to asses abnormal activation of neuronal 

systems  and/or brain reorganization. 

Conclusion

Individual subjects exhibited unique waveform 

morphology in their CWP. Using complex waveform 

profile analysis, 6-7 peaks or stages were isolated 

and the activation segments were extracted 

from the CWP. Intra-subject inter-hemispheric 

consistency was found in 3D topography of 

somatosensory evoked magnetic fields, and 

dipole parameters. Quantitative data showed 

reliable consistency in latency and amplitude 

across the hemispheres at each peak stage. 

Within each activation segment, focal maximal of 

magnetic efflux and re-entrance could be clearly 

isolated. In order to assess an affected brain 

side, this study indicates that  the following items 

should be taken into consideration (a) compressed 

waveform profile, (b) dipole parameters related 

to loci, orientations, and moments, (c) laterality 

index, and (d) spatial topography and parameters 

of scalp field parameters in peak latencies, peak 

maxima, and peak strength. The correlations 

of the extracranial SEF and intracranial dipole 

moments in either hemisphere indicate systematic 

and differential processing of somatosensory 

information in both hemispheres. While group 

averages (inter-individual differences) tend to rule 

out differences, intra-individual characteristics are 

more consistent. The result of our study clearly 

indicates that the healthy unaffected side cannot 

be taken fully as the “normal reference” for the 

affected side of the hemisphere.
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Abstract

Contralateral somatosensory evoked fields (SEF) 

by whole head MEG after unilateral median 

and ulnar nerve stimulation of both hands were 

studied in 10 healthy right-handed subjects. 

Major parameters describing cortical activity were 

examined to discriminate median and ulnar nerve 

evoked responses. Somatic sensitivity showed 

high similarity in the 4 study conditions for both 

hand and nerve. The brain SEFs consisted of 7-8 

major peak stages with consistent responses in all 

subjects at M20, M30, M70 and M90. Comparable 

inter-hemispheric waveform profile but high inter-

subject variability was found. Median nerve 

induced significantly shorter latencies in the 

early activities than those of the ulnar nerve. The 

3D cortical maps in the post stimulus 450 ms 

timeframe showed for both nerves two polarity 

reversals, an early and a late one which is a new 

finding. Dipole characteristics showed differential 

sites for the M20 and M30 in the respective nerve. 

Higher dipole moments evoked by the median 

nerve were noticed when compared to the ulnar. 

Furthermore, the results of the dipole distances 

between both nerves for M20 were calculated 

to be at 11,17 mm ± 4,93 (LH) and 16,73 mm ± 

5,66 (RH), respectively after right hand versus left 

hand stimulation. This study showed substantial 

differences in the cortical responses between 

median and ulnar nerve.  Especially  the dipole 

distance between median and ulnar nerve on 

the cortex was computed accurately for the 

first time in MEG. Little is known however of the 

cortical responses in chronic pain patients and 

the parameter(s) that may change in an individual 

patient or a group. These results provide precise 

basis for further evaluating cortical changes in 

functional disorders and disease sequelae related 

to median and ulnar nerves.
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Introduction

The primate hand occupies a special significance 

in human evolution. The use of and functional 

difference between the right and left hand is a 

major focus for understanding the organization 

of the brain somatotopy of the human hand 

(Baumgärtner et al., 1991 and 1993; Biermann et 

al., 1998; Druschky et al., 2002; Nakamura et al., 

1998). The cortical representation of the sensory 

hand extension (Baumgartner et al.,1993), that is 

the distance between the dipole location of  the 

1st and 5th finger, estimated using SEPs, averaged 

12,5 mm. In a comparable MEG study, the sensory 

hand extension was 22 mm (Tecchio et al.,1997), 

which presents a substantial difference. In a recent 

study with evoked potentials (Chen et al., 2005) the 

hand extension was estimated 15mm. It is known 

that the cerebral cortex in reaction to pathological 

conditions, i.e. deafferentation, develops cortical 

plasticity (Buonomano and Merzenich, 1998; 

Garraghty et al., 1994; Kaas et al., 1991 and 

1999; Wall et al., 2002). In this process deprived 

cortical neurons can acquire new receptive fields 

producing topographical changes in cortical 

maps. The distance of the cortical representation 

of the median and ulnar nerve was described 

to be a sensitive index of cortical plasticity and 

reorganization in tactical co-activation of fingers 

(Ziemus et al., 2000). One way to assess normal 

function and sequelae of disease or injury of the 

these major peripheral nerves of the human hand 

is by way of EEG, and more recently MEG, for 

non-invasive measurement of the SEPs and SEFs, 

respectively (Hämäläinen et al.,1993). 

Current MEG technology is a powerful means 

for the investigation of somatosensory and 

nociceptive processing (Hari et al., 1999; Kakigi 

et al., 1994; Kawamura et al., 1996; Nakamura 

et al., 1998; Rossini et al., 1994) but also has 

limitations (Parra et al., 2004). Functional analysis 

has to be based upon accurate characterization 

and localization of neural activity and has to 

take into consideration the known asymmetrical 

aspects of the two hemispheres. The left and 

right hemispheres of the brain may differ in their 

anatomy (i.e. the morphology of the central sulcus) 

and function, brain asymmetry was described in 

both animals (Riddle et al., 1995)  and humans 

(White et al., 1997; Amunts et al., 2000; Jung et al., 

2003; Toga et al., 2003). White et al. (1997) showed 

that the surface morphology of the central sulcus 

varied widely within and between subjects. In two 

recent studies (Theuvenet et al., 2005; Tecchio et 

al., 2005) the within subject similarity and between 

subjects variability of the dipole parameters after 

median nerve stimulation was demonstrated in 

both hemispheres. 

In earlier studies on the cortical representation of 

median and ulnar somatotopy, the ulnar evoked 

responses have been found to be situated medially 

and  superiorly to the position of  the median nerve 

responses, likely at the posterior bank of area 3b 

(Baumgartner et al., 1991, Forss et al., 1996; Vanni 

et al., 1996) confirming the somatotopic 

organization of SI. These results focused on the 

characterization of early components and their 

source generators in the brain. The N20, and P30 

have largely been attributed to the primary 

somatosensory (SI) generators of area 3b and area 

1 for P33 components (Inui et al., 2003). While the 

early components in SEPs have been relatively 

well investigated for neural generators (Babiloni  et 

al., 2001), the middle latency components have 

not been yet fully elucidated. For accurately 

relating function and localization, careful 

examination of an individual is needed (Geyer et 

al., 2000) since the sub-areas (3a, 3b and 1) of the 

human somatosensory cortex SI vary 

topographically to a certain extent. A major effort 

has been the establishment of a set of normative 

brain responses to standard peripheral nerve 
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stimulation (Hari  et al., 1999; Rossini et al., 1994 

and 2001; Tecchio et al., 1997, 1998 and 2000). In 

order to study the affected hemisphere, compared 

to the intact hemisphere in peripheral and central 

somatosensory processing, unilateral stimulation 

of both hands has been evaluated (Forss et al., 

1999; Rossini et al., 2001; Theuvenet et al., 2005). 

To a large extent, only the median nerve has been 

examined but little is known about the ulnar nerve 

in this aspect.  Furthermore, no detailed parameters 

in comparison of both functional nerves of hand in 

the human cortex have been reported and their 

relations between the two hemispheres remains 

unclear.

The aim of this study was to describe the major 

parameters of the evoked responses measured by 

whole head MEG after electrical stimulation of the 

median and ulnar nerve in a time window of 500 

ms (including a 50 ms pre-stimulus interval) in both 

hemispheres. First we studied the full spectrum 

of well known parameters including quantified 

hemispherical differences of the measured data. We 

aimed at identifying the major parameters that could 

be used in a descriptive and analytical way for clinical 

studies of neurological dysfunction and disease 

in patients. Second, we assessed the variation of 

these parameters for a group and for individual 

subjects since group means may wipe out individual 

differences. It is important to assess the variability of 

inter-hemispherical differences in order to determine 

the range of normal variation and differences  for 

each parameter. What has to be regarded as normal 

variation, what is a true (pathological) difference and 

then which parameter remained to be examined. 

Lastly, we question whether in cases of unilateral 

damage, the unaffected side can safely be taken 

as a reference for identifying pathological states. 

This question is important since the answer may 

be informative regarding the central mechanisms of 

somatosensory processing in chronic pain and will 

be published separately.

Materials and Methods 

Subjects  

Ten healthy volunteers (7 males and 3 females, 

age range 26-45 years, mean 33.5 ± 5.9 years, all 

Caucasian right  handed) were recruited from two 

hospital staffs. All volunteers were adequately 

informed and gave their consent. Handedness 

was established both using lists from the VU 

Medical Center which included arm and leg 

performance and the Edinburgh Inventory (value 

of 0.8).The Medical Ethical Committee of the VU 

Medical Centre approved of this study. 

Counter balanced median and ulnar nerve 

stimulation 

Stimulation between right and left hand was in 

a counter-balanced order between right and 

left hand across the subjects. Median and ulnar 

nerve stimulation was performed at the wrist 

with a bipolar electrode, the cathode was placed 

proximally according to the international guidelines 

(IFCN Guideline: Nuwer et al.,1994). To stimulate 

both nerves we employed an electrical stimulator 

(Grass, USA; model S48) using a photoelectric 

stimulus isolation unit (Grass, USA; model SIU7). 

The stimulation current was pulsed, at a repetition 

rate of 2 Hz and with a pulse duration of 0.2 ms. 

All subjects were studied in one session (totally 45 

minutes) and a resting period of 5-10 minutes was 

ensured between each nerve. Stimulus intensity 

was tailored individually and was set to 1.5 x the 

motor twitching level. The twitch threshold varied 

with the subject, was well tolerated and painless. 

Five hundred events were recorded from the 

median and ulnar nerve in each hand.  
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MEG Recordings

A 151-channel whole-head gradiometer system 

(VSM, Canada) was used and measurements 

were performed in a 3-layer magnetically shielded 

room (Vacuum Schmeltze Gmbh, Germany). The 

VSM x, y and z coordinate system is based upon 

the nasion, left and right ear where coils are 

positioned that are used to determine the distance 

between the head and the measurement system.  

The origin of the coordinate system is halfway 

the line connecting the left and right ear coil. The 

X-Y plane is defined by the 3 coils. The Z-axis 

starts in the same origin and is perpendicular to 

the X-Y plane. The Y-axis is defined as the cross-

product of the Z-axis to the X-axis: Y = Z x X, 

such that the positive Y is directed to the left ear, 

and will probably not point directly at the left ear 

coil (VSM).

The azimuthal ( ) angle is defined as the angle in 

the X-Y plane, in the direction toward the +Y axis 

to the vector projected into the X-Y plane (see Fig. 

1). The declination ( ) is the angle to the vector  

from the +Z axis. The coordinate system in this 

study may differ from other studies. The axes 

system i.e. used by Tecchio et al.,1998, where the 

positive y corresponds to the x in the VSM system. 

This is important to realise when describing 

dipole locations and comparing research results. 

Based upon  the positions of these fiducials a 

head centred coordinate frame is defined and 

therefore the positions of all MEG sensors in head 

coordinates. We determined the best recording 

position, that position in which the smallest 

rotation and translations were necessary to align 

all data sets, using the  coordinates of the sensors 

in multiple recording sessions corresponding to 

multiple head positions. The positional variations 

for the recordings per subject were quite small, the 

mean rotation angle amplitude was 3.8 degrees, 

the mean translation distance was 0.4 cm. For the 

recordings of  the entire group the variations were 

larger, the mean rotation angle amplitude was 5.6 

degrees, the mean translation distance was 0.8 cm. 

The average subjects head was positioned 0.02 

cm left from the centre of the helmet. Recordings 

were performed in the synthetic 3rd-order gradient 

mode, using the manufacturers real-time software 

(Vrba,1996) and the system had a baseline of 5 cm. 

All volunteers were in the supine position. The MEG 

signals were sampled at 1250 Hz, triggered on the 

synchronization pulse of the electric stimulator. 

The peri-stimulus interval was 50 ms pre-trigger 

and 450 ms post-trigger. On-line filters were set 

at DC for high-pass and at 400 Hz (4th order 

Butterworth) for anti-aliasing low-pass. Off-line the 

MEG data were screened for artefacts, averaged 

and DC-corrected using the pre-trigger interval to 

determine the recording offset. Also +/- averages 

were calculated to obtain noise-level estimates. 

The estimated distance between two neighbouring 

sensors in the area of our interest is 2.67 cm. 

Fig.1

Fig. 1. The x, y and z axes are presented as the orientation parameters, declination and azimuth. Courtesy of VSM-systems; Canada.
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MRI co-registration

Brain MRI’ s were performed with a 1.5T 3d-MRI 

(Siemens Sonata). The following parameter 

settings were used: sagittal slice orientation, 

slice thickness 2 mm, FOV 256 mm, scanmode 

fl3d, scan technique 20 magnitude, TR 11.8 ms, 

echoes no. 1, TE 5ms, flip angle 30 degrees 

and contrast enhancement was applied. Lastly, 

the number of signals averaged was 2, scan 

matrix 256, reconstruction matrix 256, TI 0 and 

frequency 63.6 MHz. The MEG-MRI common 

reference system was defined on the basis of 

three anatomical landmarks (vitamin E capsules, 

5 mm of diameter) fixed on nasion, left and right 

pre-auricular points. In this way, we achieved 

superimpositions on MR images with a precision 

of 2–3 mm as previously shown using simulations 

with artificial “dipoles” within a skull. The entire 

MRI procedure lasted about 30 min and was well 

tolerated by all subjects.

Compressed Waveform Profile (CWP), overlay 

and grand average plots

When the evoked responses of all 151 MEG 

sensors are superimposed, a butterfly-like display 

is produced which we termed the compressed 

waveform profile (CWP) from which the main peak 

activation stages were isolated. The somatosensory 

activities in the time domain were divided into three 

different phases, an early (<M50s), mid-latency (50- 

90 ms), and late (90-400 ms) phase. The CWP can 

effectively provide the individual characteristics 

of the brain dynamics of the sensory, motor and 

perceptual brain regions for the different subjects. 

After that, we produced an overlay plot and a 

grand average of the measurements of all subjects 

together. This was done with the responses both 

after median and ulnar nerve stimulation. The 

overlay plots of the individual subjects greatly 

accentuates the differences (see Fig. 2A) among 

the subjects while the grand averaged plots reveal 

the similarities (Fig. 2B).

Data management and statistical analysis

A small number (max 50) of events containing 

too much disturbances (movement artefact or 

blinking) was rejected manually in each dataset. 

All further data-analysis and presentation for 

graphical display was performed employing 

ASA software (Advanced Source Analysis, ANT 

A/S, The Netherlands). We studied the following 

parameters: latency and number of the (peak) 

stages, site of activity (x, y and z), dipole orientation 

and strength, focal activity (magnitude) and the 

patterns of activation (3D - topographic maps). 

In order to compare the two hemispheres 

we derived the following parameters: latency 

differences, amplitudes (efflux and influx) and 

the coefficient of variation (cv), an index of 

measurement consistency for the magnitude. 

For comparison of the hemispheric activation in 

response to both right and left hand stimulation, 

only the contralateral activity was analysed in 

this study. A series of statistical analysis was 

conducted to compare these parameters in the 

hemispheres from right vs. left hand stimulation 

of the median and ulnar nerve. Two-way repeated 

ANOVA was conducted, with Tukey tests for 

post-hoc comparisons of the means to evaluate 

the studied effects, with alpha of 0.05 adopted 

as significant. The 95% Confidence Interval is 

defined as CI = mean ± 1.96 x Standard Error (SE).

Equivalent Current Dipole and Dipole 

Parameters

We applied the VSM (company) software to model 

the equivalent current dipole (ECD) sources. The 

head was approximated with a spherical volume 

conductor. The conventional single equivalent 

current (moving) dipole analysis (e.g. Lin et al., 

2003; Fuchs et al., 2004) was used for data 

evaluation. The head model had to match the 

inner contour of the skull, matching was done 

visually. Epochs in the post stimulus 450 ms time 
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window, with clear SEF deflections  were visually 

identified to select signals of interest for further 

analysis. 

Results 

A. Stimulus intensities under four different 

study conditions

The stimulus intensities required for eliciting the 

twitch thresholds of the relevant hand muscles 

were analysed and no statistical difference 

was demonstrated between the nerves and 

across the hands (Lhand/Median=6.28mA. Lh/

Ulnar=5.49mA, Rh/M=5.75mA and Rh/U=5.15mA; 

F1,9 = 2.653, p=0.14). 

B. SEF waveform morphology (CWP) and 

peak consistency

We examined the CWPs based on the overlay 

plots of all healthy volunteers and the grand 

averaged plots.  The profiles of the four study 

conditions for the overlay plots are displayed in 

Fig. 2A, and for the grand average in Fig. 2B. As 

shown in Fig. 2A, consistent initial peaks appeared 

in the first 50 ms, major activities in the middle 

latency period (50 -100 ms) and little activities in 

the late period (>100 ms).  The number of peak 

stages is generally in the neighbourhood of 7-8. 

It is noticed that only M20, M30, M70  and M90 

exhibit consistent activities in all subjects (10/10), 

while the late peaks were only observed in a 

subset of subjects (mostly 6-8/10 and one 3/10). 

No unique difference in the morphology between 

the median and ulnar CWP overlay plots can be 

shown in Fig. 2A.

In contrast, the grand averages of the four 

stimulated nerves produced a different picture 

(Fig. 2B). Only major activity is now apparent, the 

quality of the detailed information is diminished. 

The waveforms show little difference between the 

left and right grand average after median nerve 

(M) stimulation and ulnar nerve (U) stimulation. 

C. SEF Peak Stages: Latency and Amplitude

Examining the individual overlay plots in Fig. 2A 

and the grand average plots in Fig. 2B, the 

higher variability of the late stages compared to 

the early stages is discernible. Applying  a two-

Way RM ANOVA on the full dataset at M20 and 

M30 (10/10 subjects), the latencies showed that 

only the M20 exhibited significant faster values 

after median nerve stimulation (21.225 ms) than 

after the ulnar nerve (21.920 ms) response and for 

both hemispheres (F1,9=11.055, p<0.009). 

 

As for the distribution of the amplitudes over 

the hemispheres, both the (positive: +) efflux 

and (negative: - ) influx of the M20 and M30 was 

significantly larger after median nerve (M20+ 

=189.21fT, M20- =-194.815fT, M30+ =  236.25fT,  

M30- = -233.25fT) than after ulnar nerve 

stimulation (M20+ =104,0fT, M20- =-108.085fT, 

M30+ = 160.645fT and M30- = -152.86fT) in  the 

responses across both hemispheres (F1,9=30.123, 

p<0.01 in M20+, F1.9 = 10,592, p<0.01 in M20-, F1.9 

= 33.058, p<0.01 in M30+, F1.9 = 10.526, < p<0.01 

in M30-). 

D. Compressed Waveform Profiles and SEF 

characterization after median and ulnar 

stimulation for individual  volunteers.

The characteristics of all volunteers included the 

CWP, peak latency, amplitude and 3D brain 

topography. For each subject and for all four 

stimulated nerves, the number of peak stages was 

assessed for each individual CWP and the results 

are presented in Table I. Fig. 3 depicts the CWPs 

of all 10 subjects in response to contralateral 

median and ulnar nerve stimulation. The results 

are shown of the left and right hemisphere 

CWPs and are presented as a pair, L-L and R-R. 

Peaks can be identified in all three periods, early, 
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middle late and late. As can be seen, after M150 

differences between median and ulnar nerve 

stimulation are more clear. The M20, M30, M70 

and M90 is present in all (10/10) subjects. 

D1. CWPs Median nerve

Table IA (upper part) depicts the number of peak 

stages after electrical stimulation of the median 

nerve in both hemispheres. In the post stimulus 

period of 450 ms, 3 well known peak stages could 

be recognized, M20 (10/10 subjects), M30 (10/10) 

and M50 (8-10 /10). Major activity is reflected in 

the mid-latency M70 and M90 (50-100 ms, 10/10 

subjects) component and late components are 

the M150 (110 –200 ms, 9-10/10 subjects) and 

M240 (200 –300ms, 6-8/10 subjects). A M300 

component is present in 7-8/10 volunteers. Both 

late peaks can be identified in the LH and the 

RH. There is no unique pattern discernible over 

the group, each individual presented its own 

individual profile.

D2. CWPs Ulnar nerve

The results after ulnar nerve stimulation are 

shown in the lower part of Table IB. The ulnar 

M20, M30, M50, M70, M90 and M150 are seen 

in 8-10/10 subjects, the M225 only in 6/10 and 

the latest component (M30) in 3/10 subjects. Like 

after median nerve stimulation, the CWPs in the 

LH and RH depict  no unique pattern.

The morphology of CWPs therefore in each 

hemisphere, both after median and ulnar 

stimulation, is generally more similar within the 

subjects than that between the subjects. Apart 

from the two well-known early components (M20 

and M30), in all CWPs around 90 ms, a major 

area of neural activity is shown for both nerves. 

The amplitudes in the left hemisphere (LH) are not 

consistently larger than in the right hemisphere 

(RH), sometimes the reversed situation is present 

(see Fig. 3, subject HC-05). It is apparent that 

no identical CWP can be extracted across the 

subjects and each subject revealed his/her unique 

characteristics (8-10 /10). 

MEDIAN - Left Hemisphere (LH) MEDIAN - Right Hemisphere (RH)

Fig. 2A.  The grand averaged plots for median (M) and ulnar nerve stimulation (U) in both hemispheres. The upper part is after median 

nerve stimulation, the lower part after ulnar nerve stimulation. 

M

U
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E. 3D Topography of SEFs

The 3D presentations of the evoked fields after 

median and nerve stimulation are depicted in 

Fig. 4, based on the overlay plots of all subjects 

in Fig. 2A.  When comparing Fig. 4A and Fig. 4B, 

the morphological differences and similarities 

between the two sets of stimulated nerves can 

be evaluated. The evoked fields of both nerves 

present a dipolar configuration. The major activity 

is displayed in the first 150 ms. 

In Fig. 4A (median) and 4B (ulnar), two polarity 

reversals are shown, a first and early one (M20/

M30) and a second late one between 100 and 150 

ms. After median nerve stimulation the first polarity 

reversal was observed in 9/10 subjects in the right 

hemisphere (RH) and 9/10 in the left hemisphere 

(LH). In one and the same subject (HC-04) the 

first polarity reversal in the LH and RH was not 

between M20/M30 but between M20/M50. The 

second polarity shift occurred between M100 and 

M150 in 10/10 subjects in both hemispheres. 

After ulnar stimulation the situation was 

comparable. The first polarity shift was observed 

in the RH in 10/10 subjects and in 9 /10 in the 

LH after ulnar nerve stimulation. The second 

ulnar shift (see Fig. 4B) was at M90, a bit earlier 

than after median stimulation (at M100) but also 

in 10/10 subjects. This study demonstrated two 

polarity reversals after both median and ulnar 

nerve stimulation. 

F. Dipole parameters 

Six dipole parameters (3 position, 2 orientation 

and 1 the strength) were calculated from the 

measurement data. Based upon the literature 

we further studied the M20 and M30 dipoles 

M

U

Fig. 2B. CWP overlay plots for median (M) and ulnar nerve stimulation (U) in both hemispheres. The upper two overlay plots, presenting 

all responses of the 151 sensors overlaid of the 10 healthy volunteers, are depicted. The ulnar plot is depicted in the lower part.

Median: Left Hemisphere Median: Right Hemisphere

20ms 30ms 50ms 70ms 90ms 150ms 240ms 330ms 20ms 30ms 50ms 70ms 90ms 150ms 240ms 330ms

10/10 10/10 8/10 10/10 10/10 10/10 6/10 7/10 10/10 10/10 10/10 10/10 10/10 9/10 8/10 8/10

Ulnar: Left Hemisphere Ulnar: Right Hemisphere

20ms 30ms 50ms 70ms 90ms 150ms 225ms 330ms 20ms 30ms 50ms 70ms 90ms 150ms 225ms 330ms

10/10 10/10 8/10 10/10 10/10 8/10 6/10 3/10 10/10 10/10 8/10 9/10 10/10 8/10 6/10 3/10

Tabel 1

The number of peak stages isolated for the LH vs. RH response. In this table the results after both median and ulnar nerve stimulation 

are presented. Time window is 500ms. 
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Fig. 3. Compressed waveform profiles (CWP) of 10/10 volunteers after median and ulnar nerve electrical stimulation. The time 

window is 50 ms pre-stimulus and 450 ms post-stimulus, the amplitudes are between 300 – 500fT. Contrast of CWPs between 

median and ulnar respectively for LH and RH both within the individual and across the subjects are presented.



112 113

sensory hemispheric discrimination 

Fig. 4A. After electrical stimulation of the median nerves, the 3D brain maps comparing LH and RH at different peak 

stages are presented. The magnetic efflux is red, the influx is blue. Two polarity shifts can be observed, between 

M20s and M30 and a second one between M100 and M130. The magnetic contralateral hemisphere is exibited 

more clearly in the early stages than in the late stages. Amplitude scale on the vertical bar is between –150 to 150 fT.   
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LH - M20 x y z declination azimuth strength

mean 3,5 42,3 86,0 74,9 345,4 29,9

Std 5,4 4,8 6,1 8,6 5,8 13,6

95% C.I. -29,4 to 36,4 12,9 to 71,7 48,7 to 123,4 22,4 to 127,4 310 to 380,8 -53,9 to 113,2

C.V. 1,5 0,1 0,1 0,1 0,0 0,5

RH - M20 x y z declination azimuth strength

mean 6,6 -39,8 84,7 72,47 19,47 25,28

Std 8,1 5,4 5,5 14,14 9,57 9,28

95% C.I. -43,0 to 56,2 -72,9 to 6,7 51,2 to 118,2 -15,7 to 160,7 -39,13 to 78,07 -31,56 to 82,1

C.V. 1,2 -0,1 0,1 0,2 0,5 0,4  
LH - U20 x y z declination azimuth strength

mean 1,4 42,5 91,9 67,1 339,1 13,6

Std 6,9 7,4 6,4 11,1 16,1 5,0

95% C.I. -31,4 to 34,3 -2,74 to 87,7 52,68 to 131,3 -0,96 to 135,3 240,39 to 437,8 -20,0 to 44,2

C.V. 4,8 0,2 0,1 0,2 0,04 0,4

RH- U20 x y z declination azimuth strength

mean 2,95 -36,5 95,2 68,6 32,2 12,8

Std 6,4 5,9 8,7 8,6 20,9 5,8

95% C.I. -41,9 to 45,5 -72,8 to -0,3 42,1 to 148,3 15,69 to 121,5 -96,03 to 160,5 -22,85 to 48,6

C.V. 2,18 0,16 0,09 0,1 0,6 0,5

Table 2A - Median and Ulnar M20

The dipole parameters and their statistical values at M20 in response to median and ulnar electrical stimulation.

LH - M30 x y z declination azimuth strength

mean 4,5 42,3 90,0 107,8 173,1 29,6

Std 5,7 7,0 6,9 12,7 63,6 12,8

95% C.I. -30,3 to 39,3 -0,4 to 85,0 47,7 to 132,3 30,0 to 185,6 -216,4 to 562,6 -48,8 to 108

C.V. 1,3 0,2 0,1 0,1 0,4 0,4

RH - M30 x y z declination azimuth strength

mean 5,1 -40,7 89,4 108,8 180,4 30,0

Std 9,0 3,6 3,7 11,3 66,4 14,6

95% C.I. -50,0 to 60,2 -62,7 to 18,65 66,7 to 112,1 41,1 to 176,4 -266,3 to 587,1 -69,4 to 119,4

C.V. 1,8 -0,1 0,0 0,1 0,4 0,5    
LH - U30 x y z declination azimuth strength

mean 2,1 39,1 91,9 103,8 182,3 20,3

Std 6,3 7,5 8,0 10,7 62,7 9,1

95% C.I. -6,31 to 18,9 -6,8 to 84,96 42,9 to 140,91 38,3 to 169,15 -201,7 to 566,32 -35,7 to 76,3

C.V. 3,1 0,2 0,1 0,1 0,3 0,5

RH - U30 x y z declination azimuth strength

mean 4,0 -38,3 94,0 107,0 226,4 19,0

Std 7,2 2,8 6,0 14,0 54,1 9,5

95% C.I. -39,3 to 47,7 -65,34 to 11,18 63,81 to 124,21 21,39 to 192,59 -104,74 to 557,46 -38,87 to 76,93

C.V. 1,8 -0,07 0,06 0,13 0,23 0,49

Table 2B - Median and Ulnar M30

The dipole parameters and their statistical values at M30 in response to median and ulnar electrical stimulation.
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after median and ulnar nerve stimulation only 

since these two dipoles are well described. Mean 

values, standard deviations, 95% Confidence 

Intervals (CI) and the Covariance (CV) are 

presented in Table II, the upper part for the 

M20 (II A) and the lower part for the M30(II B).  

Two-Way (nerve and hemisphere) RM ANOVA 

revealed several significant findings as is 

presented in the following sections. 

F-1. M20 dipole

The calculations of the six dipole parameters at 

20 ms resulted in the following findings: 

The x-values (mm) were larger in median nerve 

than ulnar nerve responses for both hemispheres 

(median vs. ulnar: F 1.9 =4.76, p=0.05), indicating 

a more anterior position of the median dipole 

position. (2) Larger y-values in median than ulnar 

nerve (median vs. ulnar:  F 1.9 = 6.469, p<0.032), 

indicating a more lateral position of the median 

dipole than the ulnar dipole for both hemispheres.

(3) The z-value of the median dipole was smaller (i.e. 

more inferior) to that of the ulnar. 4) Both orientation 

parameters, declination and azimuth, were 

significantly larger in median than ulnar dipoles for 

both hemispheres, indicating a more lateral and 

superior orientation of the median dipoles (see 

Fig. 1). Larger declination in median than ulnar 

nerve (median vs. ulnar: F 1,9 = 65,114, p<0,001).5). 

In addition, the dipole moments (strength in nAm) 

were larger after median than after ulnar nerve 

stimulation, both in the LH and RH for both 

nerves. (median vs. ulnar: F 1,9 = 8.225, p=0,019).

F-2. M30 dipole

The dipole position at 30 ms displayed similar 

characteristics. (1) The x-values were larger in 

median nerve than ulnar nerve responses for both 

hemispheres (median vs. ulnar: F 1,9 =14.332, 

p=0,004). (2) Greater z-values in ulnar than median 

nerve (ulnar vs. median: F 1,9 = 6,204, p<0.034). (3) 

Higher dipole moments values (median vs. ulnar: 

F 1,9 = 51.464, p=0,001) in median as compared to 

ulnar dipoles. When comparing the dipole values 

between M20 and M30, no location difference 

was noted, but the orientation of dipoles differed 

and the strength of the dipole at M20 was larger 

than at M30. 

G. Inter-dipole distances between median and 

ulnar nerve

The inter-dipole distances in Table III could be 

calculated with the formula: the square root of 

the sum of the squares of the dipole differences 

of x, y and z. For the M20, the results of the 

inter-dipole differences were calculated to be at 

11,17mm ± 4,93 at the left hemisphere (LH) and 

16,73 ± 5,66mm on the right hemisphere (RH) 

respectively in response to right hand versus 

left hand stimulation. For the M30, the results 

of the inter-dipole differences were calculated 

to be at 9,8mm ± 4,7 at the left hemisphere (LH) 

and 10 ± 3mm on the right hemisphere (RH) 

respectively in response to right hand versus left 

hand stimulation. No statistical difference was 

observed between the hemispheres for both M20 

and M30. Thus, no main effects of stage difference 

(F=4.51, p=0.066), or hemispheric difference (F-

2.054, p-0.184) were found.  However, the inter-

dipole distance was larger for M20 than that of 

M30 (F-9.694, p-0.001).  Table III lists detailed 

individual statistics and 95% confidence interval 

for establishment of normative data basis.

H. Inter-hemispheric dipole  coordinate 

differences at M20 and M30 for median and 

ulnar nerve 

When the absolute values of hemispheric 

differences of the dipole parameter in x, y, z 

were calculated, it was anticipated  that the null 

hypothesis should indicate a full compliment 

if no location difference is ensured (i.e. a mirror 

image of the dipole location, respectively for M20 
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and M30).  However, the values in the Table 4 

indicated otherwise. Both the median and ulnar 

parameters yielded the mean values in the range 

of  3.75 to 10.44 (mm) between the left and right 

hemispheres. These individual values along with 

the 96% confidence intervals are listed in the 

Table 4 for further establishment of the normative 

data basis.  

M20 Left Hem.  Right Hem.
S1 13,3 26,0
S2 12,5 11,1
S3 11,7 24,9
S4 13,7 20,5
S5 12,6 12,2
S6 13,3 13,3
S7 13,9 10,0
S8 2,0 13,6
S9 2,2 17,2
S10 16,5 18,4
Mean 11,2 16,7
Std 4,9 5,7
95% CI -18,8 to 41,2 -18,1 to 51,2
CV (Std/Mean) 0,44 0,34

M30 Left Hem.  Right Hem.
S1 17,3 9,6
S2 8,2 5,9
S3 8,7 8,5
S4 4,4 9,7
S5 14,2 7,3
S6 11,0 9,8
S7 4,7 10,1
S8 7,5 12,3
S9 5,7 17,1
S10 16,3 9,2
Mean 9,8 10,0
Std 4,7 3,0
95% CI -19 to 38,6 -8,4 to 28,4
CV 0,48 0,30

Table 3

The detailed individual statistics of the inter-dipole distance (mm) 

in both left-hemisphere (LH) and right hemisphere (RH) at M20 and 

M30 are presented for both nerves.   



116 117

sensory hemispheric discrimination 

M20 Median Ulnar
X Y Z X Y Z

LH - RH LH-RH LH - RH LH - RH LH - RH LH - RH
S1 4,40 6,40 8,3 4,3 8,8 11,7
S2 1,90 5,00 2,9 1,1 5,8 12,5
S3 6,80 4,70 2,0 1,4 1,3 4,4
S4 9,90 4,90 5,9 9,9 14,1 3,2
S5 4,20 8,30 0,4 6,5 8,0 8,2
S6 8,80 1,20 1,4 5,5 1,2 1,9
S7 3,70 9,90 2,8 3,5 20,7 4,4
S8 4,80 9,50 5,3 3,9 10,2 4,3
S9 9,00 10,90 1,5 6,1 18,8 13,6
S10 6,40 13,80 7,0 9,0 15,5 15,6

Mean 5,99 7,46 3,75 5,12 10,44 7,98
Std 5,57 3,70 2,68 2,90 6,78 4,98
CV (Std/M) 0,93 0,49 0,71 0,57 0,65 0,62
95% C.I 2,54 to 9,44 5,17  to  9,75 2,09 to 5,41 3,33 to 6,91 6,23 to 14,64 6,41 to 9,55

M30 Median Ulnar
X Y Z X Y Z

LH - RH LH - RH LH - RH LH - RH LH - RH LH - RH
S1 6,6 10,80 1,00 5,6 2,1 6,2
S2 1,9 11,40 8,80 5,9 1,6 12,0
S3 5,6 1,40 0,80 1,4 4,1 0,9
S4 8,9 8,20 3,30 3,3 4,0 10,2
S5 2,2 7,40 7,70 3,0 10,4 2,5
S6 4,7 0,80 1,50 10,9 4,4 0,6
S7 2,8 1,20 0,60 5,7 3,3 12,1
S8 6,2 1,80 0,40 6,3 6,5 7,3
S9 6,8 5,00 11,20 5,6 6,4 4,2
S10 1,3 3,20 0,60 9,9 4,8 13,0

Mean 4,70 5,12 3,59 5,76 4,76 6,90
Std 2,54 4,07 4,07 2,92 2,54 4,76
CV (Std/M) 0,54 0,79 1,13 0,51 0,53 0,68
95% C.I 3,13 to 6,27 2,60 to 7,64 1,06 to 6,11 3,95 to 7,57 2,89 to 9,03 3,95 to 9,85

Table 4A en 4B

Absolute values of Inter-hemispheric differences (mm) of dipole parameters in the Individuals and in group statistics.  
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Discussion

Few comprehensive studies have analyzed the 

contralateral activities in response to both median 

and ulnar (or radial) nerve stimulation in great 

detail, though single nerve studies are reported 

(Slimp et al.,1986; Baumgartner et al.,1991; 

Buchner et al.,1994; Fujji et al.,1994; Grisolia 

et al.,1980; Huttunen et al.,1987 and 1992; 

Kaukoranta et al.,1986; Treede et al., 1995, Vanni 

et al.,1996; Tecchio et al.,2005). 

We have systematically examined cortical 

topographic parameters and intra-cortical 

dipole features in both nerves. First, the 

stimulus intensities required for eliciting the 

twitch thresholds of the relevant hand muscles 

demonstrated no statistical difference in somatic 

sensitivity comparing the hand or the two different 

nerves. The observed CWPs  for the median nerve 

was highly consistent with our recent publication 

(Theuvenet et al.,2005). The intra-subject 

(individual) CWP consistency, between the two 

hemispheres, was markedly smaller than the 

inter-subject differences (like Tecchio et al.,2005). 

The morphology of individual CWPs itself, overlay 

plots and grand averages are probably of less 

importance for assessing inter-hemispherical 

individual differences due to variation. In patients 

with different diseases however, CWPs still have 

to be studied carefully and therefore data from 

a healthy volunteer group will be of importance. 

Consistent peaks of SEFs observed for M20, M30 

and M90 is in good accordance to the reported 

tangential current sources  at M20 and M30 

(Komssi et al., 2004). No difference in the number 

of the median and ulnar peaks in this study was 

observed and peak characteristics can be used in 

studying cortical responses for  both nerves.    

  

The median and ulnar SEFs showed dipolar 

configurations up to 330 ms at different latencies  

in nearly all the subjects including two polarity 

shifts. Its significance is not yet understood. 

Due to the fact that dipolar characteristics 

sofar have concentrated on the M20 and M30 

(SI) and the M90 (SII), evoked fields and the 

derived six dipolar parameters have a place in 

describing interhemispheric differences. This dual 

observation for both median and ulnar has never 

been reported before. Focal extrema (amplitudes) 

at M20 and M30 were larger in both hemispheres 

after median stimulation. Based on the  

amplitudes however, no hemispherical preference 

could be established in this group (N=10). For the 

comparison of the two hemispheres in clinical 

practice, the amplitude differences between the 

two nerves can be used.    

As for the position parameters, the median 

dipole displayed a more anterior (x-axis), more 

lateral (y-axis) and inferior (z-axis) compared 

to the ulnar one, this was true for both the M20 

and M30 corresponding with the somatosensory 

anatomy. Thus, our results may not negate the 

assumption that M20 and M30 are from identical 

neuroanatomical site. The M30 dipole has been 

validated at the lateral shoulder of the inverted 

omega of the hand-digit somatosensory cortices 

by fMRI (Kumabe et al.,2000). Similarly, our 

observed dipole position of the median nerve 

(lateral inferior to the ulnar nerve dipole position) 

is likely in the posterior bank of the central fissure 

corresponding to area 3b for both (Baumgartner 

et al.,1991;Vanni et al. (1996). The orientation  

parameters of the M20, azimuth and declination 

(see Fig.1), were larger after median nerve 

stimulation.  Lastly the strength (moment)  of the 

median dipoles were larger at M20 than the ulnar 

ones, the LH values are predominantly larger too 

for both nerves than the RH. The strength of the 

M30 median dipole was larger too. All our subjects 

were right-handed and handedness related dipole 

differences were earlier described (Buchner et 
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al.,1995; Tsutada et al.,2002). This profile can be 

used for right-handed subjects, it is unknown how 

these parameters behave in left-handed subjects. 

Derived from the calculated parameters, our M20 

interdipolar distances  were in great agreement to 

the averaged 12-13mm for both nerves stimulated 

(Komssi et al.,2004). We extended these results 

to those of M30 and similar magnitude of inter-

dipole differences in the neighborhood of 10mm 

at M30. No statistical difference was observed 

between the hemispheres for both M20 and M30. 

These values were somewhat larger than those 

reported of 7mm distance by Vanni et al.(1996). 

Functional organization of the median and ulnar 

nerve dipoles can be detected by the different 

dipole parameters. Importantly, there is no full 

homology between the LH an RH. The parameters 

described are likely to be valuable for detecting 

for characterization of different disease states. 

Because of the lack of full homology between the 

LH and RH after median and ulnar electrical nerve 

stimulation, in patients with a unilateral disease, 

one cannot easily take the unaffected side as 

control. 

The role handedness plays in the brain on 

inter-hemispherical differences and the results 

on cortical dominance after stimulation has 

not been fully established (White et al.,1997). 

Interhemispheric anatomical asymmetry was 

observed in the human motor cortex and was 

related to handedness and gender (Amunts et 

al., 2000). Functionally, a strong correlation was 

found (Soros et al.,1999) between handedness in 

humans and the extent (distance) of the area of 

cortical somatosensory representation of the hand 

representation in right-, but not in left-handers 

and that a functional hemispheric asymmetry also 

existed in primary sensory cortices. Jung et al. 

(2003) found a significant functional hemispheric 

asymmetry of the amplitude of N20 evoked 

potential at the cortical level, although there was 

no simple relation to handedness. Lifelong use of 

the dominant hand did not produce detectable 

changes in the cortical evoked activity (Niddam et 

al.,2000). Werner et al. (1996) described increased 

amplitudes of  the left hemispheric responses 

in right handed workers. Asymmetry based 

upon dipole moment differences was described 

(Buchner et al.,1995; Tsutada et al.,2002). The 

observation of a functional interhemispheric 

difference was also made after cutaneous 

stimulation of the digits and using transcranial 

magnetic stimulation (Oliveri et al.,1999). Lastly, 

studying somatosensory processing of painful and 

non-painful stimuli with PET scans, Coghill et al. 

(2001) found evidence for hemispheric lateralised 

processing in some parts of the somatosensory 

system. A latency shift was described for the 

evoked potentials (P30) after painful stimulation 

(Niddam et al.,2000). 

Several other factors contribute to differences in 

evoked responses. Stimulus intensity influenced 

dipole moment measures (Tsutada et al.,1999; 

Lin et al.,2003). The stimulus interval in MEG 

(Wikström et al.,1997) was equally relevant as the 

stimulus rate (Onishi et al.,1991) in SEPs and SEFs 

(Fujii et al.,1994). Differences between individuals 

are also dependant on the actual state of the 

somatosensory system (Buchner et al.,1999; 

Braun et al.,2002; Elbert et al.,1995; Noppeney 

et al.,1999, Liu et al.,2004). The results in this 

study therefore have to be understood within 

the framework of our measuring setup. Previous 

reports (Baumgartner et al.,1991; Buchner et 

al.,1994; Fujji et al.,1994; Huttunen et al, 1987 

and 1992; Vanni et al.,1996) were based on group 

averages but for clinical applications the focus 

should rather be on the individual subject. 

Injury and traumatic deafferentation of the human 

hand constitutes an important dysfunction and 
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impairment, confined at the wrist to the territories 

of median, ulnar and radial nerve or a combination 

of these nerves. Amplitude differences and 

changes at around 100ms were observed 

in peripheral traumatic nerve injury and the 

effects of a pain therapy, spinal cord stimulation 

(Theuvenet et. al., 1999). In patients with unilateral 

transections of the median or the ulnar nerve, 

dipole source locations exhibited somatotopic 

order with overlap between neighboring digits and 

in 2/3 nerve injured patients evidence for cortical 

reorganization was found. The location of sources 

related to digits neighboring differentiated digits 

was changed and their dipole moments were 

enhanced (Diesch et al.,2001). In patients with a 

Carpal Tunnel Syndrome (CTS), either an extended 

or a restricted cortical representation was shown 

along with the presence of paraesthesias or pain 

respectively (Tecchio et al.,2002). These few 

clinical studies sofar have shown that in different 

pathological disease states in patients, different 

changes in the type and magnitude of parameters 

were observed. Since no full inter-hemispheric 

homology exists, comparison of the responses in 

both hemispheres is still an issue for patients and 

requires careful examination. For clinical research, 

normative datasets as presented in this study are 

needed for evaluating cortical responses in pain 

syndromes.
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Abstract  

Motor dominance is well established, but sensory 

dominance is much less clear. We therefore 

studied the cortical evoked magnetic fields using 

magnetoencephalography (MEG) in a group of 20 

healthy right handed subjects in order to examine 

whether standard electrical stimulation of the 

median and ulnar nerve demonstrated sensory 

lateralization. The global field power (GFP) curves, 

as an indication of cortical activation, did not 

depict sensory lateralization to the dominant left 

hemisphere. Comparison of the M20, M30, and 

M70 peak latencies and GFP values exhibited no 

statistical differences between the hemispheres, 

indicating no sensory hemispherical dominance 

at these latencies for each nerve. Field maps 

at these latencies presented a first and second 

polarity reversal for both median and ulnar 

stimulation. Spatial dipole position parameters 

did not reveal statistical left-right differences at 

the M20, M30 and M70 peaks for both nerves. 

Neither did the dipolar strengths at M20, M30 

and M70 show a statistical left-right difference 

for both nerves. Finally, the Laterality Indices of 

the M20, M30 and M70 strengths did not indicate 

complete lateralization to one of the hemispheres. 

After electrical median and ulnar nerve stimulation 

no evidence was found for sensory hand 

dominance in brain responses of either hand, as 

measured by MEG. The results can provide a new 

assessment of patients with sensory dysfunctions 

or perceptual distortion when sensory dominance 

occurs way beyond the estimated norm. 
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Introduction 

Hand dominance generally refers to the unequal 

distribution of motor skills and manual preference. 

In humans it has been found, based on several 

qualities, that right handedness is present in 

around 90% of the population (Hatta, 2007; 

Siengthai et al., 2008; Gardener et al., 2009) 

and left handedness in about 8% (Reiss et al., 

2002). While mixed handedness is the ability to 

perform certain tasks better with one of the two 

hands, ambidexterity is the ability, in a minority 

of people, to use both the right and left hand 

for all tasks. Handedness therefore relates to 

the ability to perform some motor tasks better 

and is the result of a highly integrated (including 

visual and auditory) somatosensory - motor 

response (Annett, 2000; Reiss et al., 2000; Inoue 

et al., 2001; Haaland et al., 2004; Shinoura et 

al., 2005; Gentilucci et al., 2008). The question 

has arised whether asymmetry also exists in the 

representation of elementary sensory functions.  

To address these issues, several characteristics of 

the somatosensory cortex have been examined. 

Right handedness was not  correlated to gross 

lateral asymmetry in the neuroanatomy of the 

somatosensory system (White et al., 1997a,b) but 

several functional differences were described. In 

humans, strong correlation between handedness 

and the extent of the cortical hand representation 

in right-, but not in left-handers was found (Sörös et 

al.,1999). Jung et al. (2003; 2008), further reported 

that asymmetry of the cortical evoked responses 

appeared to be independent of motor function. 

Sensory lateralization to the right hemisphere was 

found in a large group of healthy individuals after 

painful stimulation and was unrelated to motor 

lateralization (Lugo et al., 2002). Finally, Zappasodi 

et al. (2006) observed some interhemispheric 

differences, but such differences were non-

dependent on age and gender. In the study of 

handedness, non invasive imaging techniques are 

increasingly used. The cortical evoked responses, 

using electroencephalography (EEG) and 

magnetoencephalography (MEG) respectively, 

after standard  electrical median and ulnar nerve 

stimulation have been studied (Babiloni et al., 

2009; Darvas et al., 2004). Responses in the first 

40 milliseconds (ms) post stimulus period were 

reproducible (Hari et al., 1993; Theuvenet et al., 

1999; Kakigi et al., 2000; Castillo et al., 2005 ) 

and subsequently these responses have been in 

basis of many patient studies, including stroke 

(Goto et al., 2008), extremity amputation (Flor, 

2003) or after painful stimuli (Treede et al., 2000). 

Evoked magnetic fields, measured by MEG arise 

when electrical stimulation elicits a contra-lateral 

cortical evoked response. MEG is known for 

its high temporal (< 1 msec) and good spatial 

accuracy (1-2 mm), moreover fissural cortical 

activity is better observed (Hari and Forss, 1999; 

Papadelis et al., 2011). Therefore, MEG is a 

highly appropriate technique to study sensory 

handedness, by detecting possible systematic 

differences in cortical responses due to left and 

right hand stimulation of median or ulnar nerve. 

 

The aim of this study was to assess whether in 

a group of twenty right handed healthy subjects, 

after electrical median and ulnar nerve stimulation, 

the cortical evoked magnetic field characteristics 

would demonstrate sensory lateralization in the 

400 ms post stimulus time window. We hypothesize 

that if right hand dominance would imply right 

sensory lateralization, this would be expressed in a 

systematic difference in lateralization of magnetic 

field characteristics generated by either left or 

right hand stimulation. The focus was on (1) the 

peak latencies, (2) the Global Field Power (GFP), 

(3) topographical maps of the somatosensory 

evoked fields, (4) equivalent current dipole (ECD) 

characteristics. Further, if evidence for asymmetry 
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of sensory fields existed, this might in turn affect 

the magnitude of responses to sensory input.              

 

Materials and Methods 

Healthy subjects 

Twenty subjects (12 males and 8 females, range 

27- 48 years, mean 34.1 and s.d. ± 6.1 years, all 

Caucasian right handed) were recruited from two 

hospital staffs. The Medical Ethical Committee of 

the Medical Center Alkmaar (NH04-196) and the 

VU University medical center approved of this 

study. All subjects were adequately informed, prior 

to the measurements an informed consent was 

obtained. The Edinburgh handedness inventory 

(Oldfield, 1971) was used to assess handedness. 

Counter balanced electrical median and ulnar 

nerve stimulation. 

Electrical stimulation of all four hand nerves was 

performed for each subject. The four nerves 

received a number, the left median nerve a “1” 

and the left ulnar a “2”, for the right side “3” and 

“4” respectively. The order of stimulation was 

randomized for each subject (i.e. 1,3,2 and 4). 

Nerve stimulation with a bipolar electrode (cathode 

proximal) was performed at the wrist, according 

to the IFCN Guideline (Nuwer et al.,1994). An 

electrical stimulator (Grass, USA; model S48), 

using a photoelectric stimulus isolation unit 

(Grass, USA; model SIU7), was employed. LH 

means response in the Left Hemisphere after right 

hand stimulation, RH after left hand stimulation. 

All subjects were studied a single session that 

lasted approximately 45 minutes while between 

the measurements, enough recovery time (5 -10 

minutes) was ensured. The stimulation current 

was pulsed, with a repetition rate of 2 Hz and 

pulse duration 0.2 ms. Stimulus intensity was 

adjusted to the individual twitch level using the 

threshold of thenar muscle, a clear painless 

twitch of either the thumb or the little finger was 

produced (Tsutada et al., 1999). Stimulations were 

well tolerated, per nerve five hundred stimulations 

were recorded. After each 100 stimulations, 

electronic repositioning of the head to the 

magnetic measuring system was performed to 

improve position accuracy. All subjects were 

asked to relax, to keep the eyes open, to focus 

on a fixed point on the ceiling and to refrain from 

blinking as much as possible. 

Magnetoencephalography (MEG) and Magnetic 

Resonance Imaging (MRI) recordings.

All recordings were performed in a 3-layer 

magnetically shielded room (Vacuum Schmeltze 

GmbH, Germany), using a 151-channel whole-

head gradiometer system (VSM - CTF, Canada) 

in the synthetic 3rd-order gradient mode with 

a gradiometer baseline of 5 cm. The x, y and z 

coordinate system, common to the MEG and 

MRI, was based on three anatomical landmarks 

fixed on nasion, left and right pre-auricular points 

and applied to all subjects. Using the positions 

of these fiducials, a head centered coordinate 

frame was defined. The (+) x-axis was directed 

to the nose, the (+) y-axis to the left ear and 

the (+) z-axis to the vertex. The head centered 

coordinate frame, defined by using the positions 

of these fiducials is based on each individual MRI. 

Using the coordinates of the sensors in multiple 

recording sessions, we determined the best 

recording position as the position in which the 

smallest rotation and translations were necessary 

to align all data sets. For the recordings per 

subject the positional variations were quite 

small; the mean rotation angle amplitude was 3.8 

degrees, the mean translation distance was 0.4 

cm. The average subjects head was positioned 

0.02 cm left from the centre of the helmet. In order 

to increase accuracy, after each 100 stimulations 

the position of the head to the helmet was 
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electronically assessed. 

MEG signals were sampled at 1250 Hz and 

triggered on the synchronization pulse of the 

electric stimulator. The peri-stimulus interval 

consisted of a 50 ms pre-trigger and a 400 ms 

post-trigger period. On-line filters were set 

at DC for high-pass and at 400 Hz (4th order 

Butterworth) for anti-aliasing low-pass. Off-

line the MEG data were screened for artifacts, 

averaged and DC-corrected using the pre-trigger 

interval to determine the recording offset. A 

small number (max 50) of events containing too 

much disturbances due to movement or blinking 

was rejected manually from all measurements. 

Also the +/- averages were calculated to obtain 

noise-level estimates. MRI’ s of the brain were 

performed with a 1.5T 3d-mri (Siemens Sonata) 

and the MRI scan planes were set parallel to the 

MEG coordinate system. In this way, we achieved 

MEG superimpositions on MRI images with a 

precision of 2–3 mm as previously shown by 

simulation with artificial “dipoles” within a skull. 

Global Field Power (GFP). 

In MEG, the GFP expresses the cortical 

spatial magnetic energy distribution during 

the measurement and reflects underlying 

hemispherical neural activity at each time point 

(Lehmann et al., 1980; Skrandies, 1990). Off line 

the GFP (in femtoTesla2 = fT2) was assessed for 

all eighty measurements. Asymmetry of GFP 

distribution indicates lateralization of hemispheric 

activation. In MEG, and also in EEG (Hamburger et 

al., 1991), the GFP together with the Compressed 

Waveform Profile (CWP) is used to identify 

peak latencies. A peak was identified by visual 

inspection and defined by an amplification factor 

(= post stimulus amplitude / the prestimulus root 

mean square value as an indication of noise) > 3. 

In the temporal domain, hemispheric lateralization 

in timing of activation will be expressed in the 

peak latencies and may indicate a difference in 

transmission and / or activation time (Chapman 

et al., 1985).

Equivalent Current Dipole (ECD) characteristics.

VSM - CTF software (Vrba, 2001) was used to 

obtain ECD data from the MEG measurements. 

A conventional single equivalent current (moving) 

dipole analysis (e.g. Lin et al., 2003; Fuchs et al., 

2004) was used for data evaluation. The head 

model, based on individual MRI’s, was chosen 

to match the inner contour of the skull, matching 

was done visually. Peaks in the post stimulus 400 

ms time window, were analyzed. At each major 

peak, representing a cortical area of interest, six 

dipole characteristics (3 location, 2 orientation 

and strength) were determined. In particular, 

dipole strength was earlier described as a reliable 

quantitative index of cortical response to a 

somatosensory stimulus (Tsutada et al., 2002).    

Data processing and statistical analysis.  

This study was designed as an explorative study for 

the parameters that describe the cortical evoked 

differences between twenty healthy subjects. 

Since ample experimental and quantitative results 

as to the magnitude of the expected effects for 

sensory lateralization were available, a formal 

calculation of a prespecified power was not 

possible. Absence of an a priori power analysis 

indicates that negative statistical results have 

to be interpreted with caution since an existing 

difference may not be detected. Experimental 

design consisted in all cases of two-groups 

comparisons. Comparisons were made between 

the Left Hemisphere (LH) and Right Hemisphere 

(RH) for each nerve, as well as intra-hemispherical 

comparisons (LH or RH) between the two nerves. 

Effect sizes and p-values are reported wherever 

relevant magnitudes of effects existed. Whereby:
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Effect Size (E.S.) = mean experimental group – mean control 

groupstandard deviation control group

The effect size (Olejnik et al., 1999; Nakagawa et 

al., 2007) is a numerical way of expressing the 

strength or magnitude of a reported relationship, 

be it causal or not. An E.S. near 0.0 means that, 

on average, the experimental group and control 

group performed the same, a negative E.S., on 

average, means that the control group performed 

better. A positive E.S. means that the experimental 

group performed better than the control group. 

The more effective the intervention, or in our 

context, the more prevalent sensory dominance 

of the right hand, the higher the positive E.S. 

value. Statistical tests used were the independent 

groups t-test (or its non-parametric equivalent 

the Mann-Whitney rank sum test) for between 

groups comparisons, and the paired t-test (or 

its non-parametric equivalent the Wilcoxon 

signed ranks test) for within groups comparisons. 

Pearson correlation analyses were conducted 

to examine the association of the handedness 

values with respective laterality indices of 

strength. A p-value less than 0.05 was considered 

as a statistically significant rejection of the null-

hypothesis specified with two-tailed alternative 

hypotheses. Statistical analysis was  performed 

using SigmaStat 3.5 software. Manufacturers 

VSM - CTF software 4.6 (Vrba, 2001) was 

used to perform online data-analysis during all 

measurements and off line averaging. All further 

data-analysis (i.e. latencies, GFP values) and 

graphical display was performed employing ASA 

software (Advanced Source Analysis, ANT A/S, 

Enschede, The Netherlands). 

By comparing the left and right cortical evoked 

field characteristics, laterality dominance could be 

confirmed if the Laterality Index (L.I.) favored one 

hemisphere more than the other. Here, the L.I. is 

determined for various parameters characterizing 

the cortical responses. When a parameter due 

to left hand stimulation equals RHp (largest 

response expected at the right hemisphere) and 

the corresponding parameter due to right hand 

stimulation equals LHp, the LI is defined as (Jung 

et al., 2003; Theuvenet et al., 2005; Hatta, 2007). 

L.I. = (LHp - RHp) / (LHp + RHp). 

The laterality index was determined for the 

strength of the dipoles (nanoAmperemeter = 

nAm) at the latencies of 20 ms, 30 ms and 70 ms 

post-stimulus (M20, M30 and M70 respectively). 

Moreover, stimulation thresholds were determined 

for all subjects and nerves since stimulus intensity 

may affect cortical responses (Torquati et al., 

2002). 

Results 

I. Psychophysics

I A. Sensory sensitivity in both hands to electrical 

stimulation (milliAmpere - mA)

Handedness of the subject group, according to 

the Edinburgh inventory, presented a mean value 

of 71.4 and standard deviation (s.d.) of ± 11.0 

confirming dexterity. 

After left median nerve stimulation, the mean 

twitch threshold was 5.5 mA (s.d. ± 1.7 mA), and 

after right median stimulation 5.8 mA (s.d. ± 1.6 

mA). For the left ulnar nerve values were, mean 

5.8 mA (s.d. ± 2.0 mA) and the right nerve 5.9 mA 

(s.d. ± 1.6 mA). Individual data of the subjects 

are presented in Fig. 1A and 1B. Between the left 

and right median nerve no significant statistical 

difference (p = 0.16; E.S.= - 0.13) in thresholds 

was found, neither after ulnar nerve stimulation (p 

= 0.26; E.S.= -0.06). 
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I B. Peak latencies and Global Field Power 

(GFP)

Fig. 2 displays the mean GFP overlay curves for all 

four stimulated nerves in the 400 ms post-stimulus 

period of both hemispheres. Morphologically, left 

and right median GFP curves (black and red) run 

parallel and the same is observed for the ulnar 

curves (blue and green). Peaks: in the early stage 

(<50 ms), a small M20 but larger M30 peak is 

observed. Apart from faster ulnar transmission 

to the RH at M30, no statistical peak latency 

Fig. 1A. Median nerve: consistency of individual sensory sensitivity and comparisons after electrical median nerve stimulation of 

both hands is displayed. The right side depicts means and standard deviations (s.d.) between left and right hand thresholds. Fig. 1B. 

Ulnar nerve: stimulation thresholds for both hands are presented. On the right side means and standard deviations (s.d). Stimulation 

thresholds (y-axis) in milliAmpere (mA).            
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differences were found inter-hemispherically 

for both nerves of both hands. At M20, median 

intra-hemispherical transmission (LH or RH), was 

significantly faster than for the ulnar nerve. In the 

middle stage (50 - 90 ms) a dominant peak for both 

nerves is present, further referred to as the M70. At 

M70, there were no significant  latency differences 

between the LH and RH for both nerves. Nor was 

transmission intra- hemispherically to either the 

LH or RH different between the nerves (see Table 

1A, B and C, Supplementary Digital Content 1, 

latency & statistical data).       

GFP values: at M20, M30 and M70, no significant 

GFP value differences were found between the 

LH and RH for either nerve (see Table 1A, 1B). At 

M20 and M30, in the LH or the RH, the median 

values were significantly larger than the ulnar 

GFP values (Table 1C). For the M70 peaks, there 

was no statistical significant intra-hemispherical 

(either LH or RH) GFP difference between the 

median and ulnar GFP values. 

II. 3D Cortical topography of Somatosensory 

Evoked Fields

II A. Cortical field maps. 

In Fig. 3, the cortical maps of a typical subject (HC-

15), representing cortical activation at different 

peak latencies for each of the four stimulated 

nerves, are depicted. M-LH and M-RH depict 

the hemispherical evoked fields after right en left 

median nerve stimulation respectively. Between 

M20 and M30 an early dipole polarity reversal is 

seen as the second reversal  around M150. Both 

reversals were found in > 85% of the subjects. 

After ulnar stimulation a comparable situation 

was observed in the left and right hemisphere 

(U-LH and U-RH), here also two reversals in 

over 85% of the subjects. The dipolar magnetic 

field distributions between the LH and RH for 

both nerves were visibly not different and are 

complementary. See Table Supplementary Digital 

Content 2 for data overview. 

III  Equivalent Current Dipole (ECD) 

characteristics

IIIA. Location parameters (x, y and z)

The six dipole parameters for the median and 

ulnar nerve at three latencies were calculated. For 

both nerves, M20, M30 and M70 data indicated 

that there was no statistical difference for both 

nerves and both hemispheres for the location 

parameters, except for the M20 ulnar x-value (p = 

0.013 and Effect Size 0.5 ). The ulnar M20 was in 

the LH more posteriorly located. 

At M70 in the LH and RH, only those single moving 

dipoles with a low residual error ( < 8%) were 

included for presentation. For the median nerve 

Fig. 2. The GFP overlay curves for all four stimulated nerves 

in the 400 ms time window are displayed. Each colored 

line represents the mean GFP values of a stimulated nerve. 

LH means Left Hemispheric response to right hand nerve 

stimulation (either median or ulnar), RH the same but for the 

left hand. The top two lines (black and red) depict the mean 

GFP values for the median nerve, the lower two lines (blue 

and green) for the ulnar nerve. Median induced GFP curves 

displayed higher components in the first 90 ms. The Power is 

in femtoTesla2, time in milliseconds (MS).             
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13 / 20 and ulnar nerve 16 / 20 met this criterion 

(see Table 2) and were localized in SI. In Fig. 4, 

an example is presented of the M70 dipoles of 

subject HC-03. The M70 dipoles are depicted in 

three directions after stimulation of the median 

and ulnar nerve.      

The M70 spatial coordinates (x, y and z) for the 

median nerve were (in mm): LH : x = -1.6; y = 40.3, 

z = 82.0; RH : x = -8.6; y = -43.2; z = 78.8. For the 

ulnar M70: LH : x = 4.2; y = 39.7; z = 81.0.  The RH 

coordinates: x = 1.9; y = 39.3; z = 83.6 mm. The 

median and ulnar dipoles of subject HC-03 are 

located in the primary somatosensory cortex (SI). 

Table 1. GFP data and statistics are presented at M20, M30 and M70.

1A) SUBJECTS mean GFP values (fT2)

Median M20 M30 M70

LH (20/20) 2988.9 LH (19/20) 5740.6 LH (20/20) 5701.3

s.d. 3445.6 s.d. 4954.1 s.d. 3814.6

RH (20/20) 2206.0 RH (19/20) 5283.3 RH (20/20) 6720.5

s.d. 2812.3 s.d. 3137.7 s.d. 5086.5

diff. RH-LH* -782.9 diff. RH-LH* -457.3 diff. RH-LH* 1019.2

Effect Size (E.S.) -0.2 E.S. -0.09 E.S. 0.27

1B) SUBJECTS (N=20) GFP values (fT2)

Ulnar M20 M30 M70

LH (19/20) 1163.2 LH  (19/20) 2458.3 LH (18/20) 4813.8

s.d. 1136.3 s.d. 2043.3 s.d. 4100.9

RH (18/20) 1116.2 RH (19/20) 3031.4 RH (19/20) 5764.4

s.d. 1225.8 s.d. 2969.2 s.d. 5098.7

diff. RH-LH* -47.0 diff. RH-LH* 573.1 diff. RH-LH* 950.6

Effect Size (E.S.) -0.04 E.S. 0.28 E.S. 0.23

1C) SUBJECTS (N=20) GFP values (fT2)

M20 M30 M70

MLH - ULH* P <0.001 P = 0.005 P = 0.431

Effect Size (E.S.) 1.6 E.S. 1.6 E.S. 0.21

MRH - URH* P = 0.002  P <0.001 P = 0.347

Effect Size (E.S.) 0.89 E.S. 0.76 E.S. 0.18

Table 1. The M20, M30 and M70 mean GFP peak values, standard deviations (s.d.) and Effect Size values (E.S.) after median (1A) and ulnar 

(1B) stimulation of both hands are presented. Numbers between brackets indicate the number of  peaks at each latency present out of twenty 

subjects. In 1C differences between the median and ulnar GFP groups are presented. MLH and ULH are the median and ulnar response 

in the Left Hemisphere (LH), MRH and URH indicate the same in the Right Hemisphere (RH). Peak GFP values are in femtoTesla2 (fT2).   
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IIIB. Orientation.

There was no statistical difference between the 

LH and RH for the spatial orientation parameters 

declination and azimuth, for the azimuthal 

differences after normalization.

III C. Strength.

At M20, M30 and M70, between the LH and RH, 

the dipolar strength (in nAm = nanoAmperemeter) 

for the median and ulnar nerve exhibited no 

significant statistical differences. However, the 

median dipolar strengths at M20 and M30 but 

not at M70, were significantly larger (paired t-test) 

than the ulnar ones for both hemispheres (see 

Table 3A, 3B and 3C). 

III D. Laterality Indices (L.I.) of strength.

Laterality Indices of dipolar strengths (Fig. 5 A-F), 

assessed for both hemispheres and for both 

nerves at M20, M30 and M70, presented large 

individual variability between subjects. For both 

nerves, the sets of L.I. of dipole strengths at M20, 

M30 and M70 exhibited no particular trends, with 

no significant statistical differences (Fig. 5). In 

Table 3D relevant data for correlation between 

handedness and L.I. values are presented for 

Table 2 presents the dipole parameters at M20, M30 and M70 in both hemispheres for the two nerves.

2A MEDIAN res. error x y z declination azimuth strength
LH M20 mean 6,2% 2,1 42,4 84,9 75,6 323,4 25,3

s.d. 2,1% 8,2 4,8 4,4 8,3 89,0 13,0
RH M20 mean 6,4% 4,1 -42,1 84,5 68,9 21,6 21,9

s.d. 1,5% 9,5 4,4 6,1 10,6 5,6 8,3
LH M30 mean 4,3% 2,8 41,9 87,5 107,2 181,1 28,7

s.d. 1,9% 7,8 6,4 6,4 12,7 63,8 9,8
RH M30 mean 4,1% 3,7 -40,1 88,7 106,6 181,2 28,3

s.d. 2,0% 9,9 4,1 4,8 13,0 64,3 13,7
LH M70 mean 5.7% -3,3 39,4 87,6 104,4 172,7 28,7

s.d. 2.2% 9,3 5,8 6,4 9,7 15,7 9,0
RH M70 mean 5.3% 2,2 -40,9 85,0 108,0 198,3 30,2

s.d. 1.6% 9,4 5,3 4,7 9,3 18,3 8,1

2B ULNAR res. error x y z declination azimuth strength
LH M20 mean 6,1% -0,7 35,5 87,9 67,9 331,0 13,4

s.d. 1,8% 7,3 10,2 7,4 10,3 15,9 4,9
RH M20 mean 7,2% 1,3 -35,5 92,5 79,0 84,2 14,7

s.d. 2,9% 6,9 5,9 5,9 15,8 85,8 8,7
LH M30 mean 5,9% 0,4 38,1 91,4 107,4 175,0 19,1

s.d. 1,8% 6,9 5,6 5,8 13,3 65,6 8,2
RH M30 mean 5,1% 2,9 -37,8 93,9 104,7 210,6 18,8

s.d. 2,5% 6,3 4,3 5,7 11,7 41,7 8,9
LH M70 mean 5,5% -5,1 39,1 88,6 108,9 165,9 27,7

s.d. 2,2% 8,3 4,3 7,8 8,7 18,3 14,5
RH M70 mean 4,8% 1,4 -40,9 90,0 109,7 206,2 26,3

s.d. 1,8% 8,1 5,9 6,3 8,9 25,6 9,9
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the median and ulnar nerve. Pearson correlation 

coefficient values (r-value) and p-values indicate 

their associated probabilities. No significant 

association between the handedness scores and 

the respective measured M20, M30 and M70 L.I. 

values were found. It appeared that this feature of 

handedness does not suggest an actual difference 

in the laterality index, indicating no lateralization 

in somatosensory processing to dominant LH.  

Fig. 3. Cortical maps at M20 and M30 (1st polarity reversal) and M90 and M150 (2nd reversal) after median nerve stimulation are 

presented of the subject HC-15 in the two top rows. Cortical maps at M20 and M30 (1st polarity reversal) and M90 and M150 (2nd 

reversal) after ulnar nerve stimulation are presented in the lower two rows. Amplitude settings: ± 150 fT. Less color intensity, red or 

blue, corresponds with lower amplitudes.
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3A MEDIAN ULNAR MEDIAN versus ULNAR
M20 strength M20 strength M20

LH mean* 25.3 LH mean* 13.4 MLH - ULH* MRH - URH*
s.d. 13.0 s.d. 4.9
RH mean 21.9 RH mean 14.7
s.d. 8.3 s.d. 8.7
p-value p = 0.354 p-value p = 0.754 p = <0.001 p = <0.001
stat. test M-W rst M-W rst Paired t-test Paired t-test
Effect Size -0.26 E.S. 0.27 2.43 0.82

3B MEDIAN ULNAR MEDIAN versus ULNAR
M30 strength M30 strength M30

LH mean* 28.7 LH mean* 19.1 MLH - ULH* MRH - URH*
s.d. 9.8 s.d. 8.2
RH mean 28.3 RH mean 18.8
s.d. 13.7 s.d. 8.9
p-value p = 0.252 p-value p = 0.899 p = <0.001 p = 0.003
stat. test Wilcox. srt M-W rst Paired t-test Paired t-test
Effect size -0.04 E.S. -0.04 1.17 1.07

3C MEDIAN ULNAR MEDIAN versus ULNAR
M70 strength M70 strength M70

LH mean* 28.7 LH mean* 27,7 MLH - ULH* MRH - URH*
s.d. 9.0 s.d. 14,5
RH mean 30.2 RH mean 26,3
s.d. 8.1 s.d. 9,9
p-value P = 0.674 p-value P = 0.843 P = 0.482 P = 0.207
stat. test M-W rst M-W rst M-W rst M-W rst
Effect size 0.16 E.S. -0.10 0,07 0.39

3D
M20      MED 
L.I. 

M20      ULN 
L.I. 

M30      MED 
L.I. 

M30      ULN 
L.I. 

M70      MED 
L.I. 

M70      ULN 
L.I. 

handedness r = 0.072 r = 0.36 r = 0.147 r = 0.042 r = 0.197 r = 0.00
p-value p = 0.75 p = 0.11 p = 0.52 p = 0.85 p = 0.39 p = 0.97

Table 3A-C. Mean strength values (in nanoAmperemeter) and standard deviations (s.d.) for the M20,M30 and M70 peaks, after 

median and ulnar nerve stimulation, are presented. MLH means the response in the  Median Left Hemisphere, ULH means Ulnar 

Left Hemisphere. Comparable abbreviations for the right hemisphere. Significant p-values are in grey fields. Statistics: M-W rst = 

Mann-Whitney rank sum test; Wilcox srt = Wilcoxon signed rank test. Table 3D presents the Pearson correlation ( r ) values between 

handedness and Laterality Index (L.I.).       



138 139

no human hand sensory dominance

Fig. 4. The M70 

dipoles after median 

and ulnar nerve 

stimulation (subject 

HC-03) are depicted 

in three directions: 

sagittal, coronal and 

axial. Both dipoles are 

located in the primary 

somatosensory cortex. 
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Fig. 5A. The Laterality Indices (L.I.) at M20 after median nerve stimulation are presented for all subjects, 13/20 had a positive L.I. and 

7/20 a negative L.I. Fig. 5B. The results after median nerve stimulation at M30 are presented, 11/20 had a positive L.I. and 9/20 a 

negative L.I.. Fig. 5C. At M70 for the median nerve in 10/20 a positive L.I., 8/20 a negative L.I. and 2/20 with a L.I. of zero. Fig. 5D. The 

L.I. values at the Ulnar M20 are depicted, 11/20 had a positive L.I. and 9/20 a negative L.I. Fig. 5E. For the ulnar nerve at M30, 14/20 

with a positive L.I., 4/20 a negative and two with a zero L.I. were found. Fig. 5F presents for the ulnar nerve at M70, 4/20 a positive 

L.I., in 11/20 a negative L.I. and 5/20 a zero L.I.. No hemispherical sensory lateralization could be demonstrated for both nerves. 
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Discussion    

We stimulated in a healthy subject group (N=20) 

all four hand nerves in a randomized way, and 

applied a standard protocol (motor twitch level 

producing a clear painless twitch of either the 

thumb or the little finger and 500 stimulations at 

each nerve). Statistical analyses demonstrated 

that in the median or ulnar groups, no statistical 

significant threshold differences were found. 

Comparison of the median versus ulnar thresholds 

of both hand demonstrated the same. Cortical 

evoked responses relate to stimulus type and 

intensity (Tsutada et al., 1999) and responses 

in the primary and secondary somatosensory 

cortices (SI and SII respectively) vary from non-

painful to painful stimulation (Torquati et al., 

2002). In this study, no significant statistical left 

- right stimulus (threshold) intensity differences 

were found after standard electrical median and 

ulnar nerve stimulation. Therefore, the measured 

cortical evoked responses and derived main 

functional indices of hemispherical (a)symmetry 

are not influenced by intensity differences. 

Based on the GFP curves and related GFP peak 

values for both the median and ulnar nerve, major 

cortical activation was demonstrated in the early 

(< 50 ms) and middle stage (50 - 90 ms). No 

significant lateralization of cortical activation to 

the dominant LH occurred in these stages. The 

median GFP peak values at M20 and M30 were 

significantly larger compared to the ulnar peak 

values. Based on the GFP definition, this indicates 

that after electrical median nerve stimulation, 

a relatively larger cortical area is activated 

compared to ulnar stimulation, possibly due to a 

larger spatial cortical presentation of the median 

nerve. Based on the morphological cortical 

GFP distributions after median and ulnar nerve 

stimulation, we have only studied the major peaks 

at M20, M30 and M70. Based on individual data, 

in the late stage in this study a M150, M180 and 

M240 peak with dipolar field characteristics was 

found. However, at the GFP group level after 90 

ms, cortical magnetic distribution as indicated by 

the GFP curves, did not display major differences 

in activation. We are aware of the fact that there 

is in MEG a lack of sensibility for radial oriented 

dipoles. The lack of sensibility to detect the effect 

of handedness in the late stage (left hand  vs. right 

hand) in the MEG sources can be contrasted with 

the cortical SEP maps. This was shown in Fig.1 

of our earlier report (Niddam et al., 2001). The 

early and middle stage components (C4’/P25, F2/

N35, C4’/P45, Fc2/N65), exhibited no differences 

between left-hand and right hand stimulations. 

The peak SEP topography was vividly shown with 

its largest magnitude at 240 ms, among all peak 

components. In the EEG-SEP, the 240 ms peak 

is much bigger than the early and middle stage 

components (20-90 ms), but shows relatively little 

activity in the late MEG-SEF. Thus, the influence 

of radial dipoles on late components (> 90 ms) is 

evident. 

The six ECD characteristics  of  the M20 and 

M30 dipoles, which reside in SI, demonstrate no 

lateralization for both nerves. However, the ulnar 

dipole is more medially positioned, the median 

dipole more laterally. The only significant difference 

was found at M20 for the ulnar nerve, on the x-axis 

the dipole in the LH was located more posteriorly. 

Accurate characterization of the dipolar magnetic 

fields and related parameters at M70 still suffer 

from the absence of a reliable model for multiple 

ECD calculations, more generators are activated 

simultaneously. However, using a single moving 

dipole model for subjects with low residual errors 

of fit ( < 8%) at M70 for both nerves, dipoles are 

localized in SI. Activity after M70 is commonly 

attributed to the secondary somatosensory 

cortex - SII (Hari et al., 1993, 1999; Simões et 

al., 2002; Castillo et al., 2005), notwithstanding 
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the large latency difference of activation (around 

40 ms) with SI (Kawamura et al., 1996; Frot 

et al., 1999). The M70 dipoles in this study 

displayed only contralateral activity which makes 

localization in SII unlikely, bilateral activation for 

both nerves appeared after 90 ms post stimulus. 

This study also demonstrates that after electrical 

median and ulnar nerve stimulation, contralateral 

somatosensory processing in SI starts as early as 

M20 and continues to the middle stage at M70 

in both hemispheres and for both nerves. The 

combination of CWPs and GFPs, in assessing the 

major peak latencies, produced a more accurate 

picture at M70 compared to a previous study 

(Theuvenet et al., 2005). Peak latencies at M20, 

M30 and M70 were not significantly different, 

supported by the Effect Size data and indicated 

no lateralization of transmission time or reaction 

time (Brancucci, 2010).  

3D cortical mapping revealed dipolar fields at 

the major peak latencies with an early and late 

polarity reversal for both nerves, the significance 

for brain processing and accurate somatotopic 

organization is unknown but was observed 

earlier (Theuvenet et al., 2006). The spatial dipole 

localization parameters (x, y and z values) differed 

little, the only significant difference was found 

at M20. The Laterality Indices combined with 

statistical data of the dipole strengths at M20, 

M30 and M70 for the median and ulnar nerve did 

not provide evidence for sensory lateralization 

to the dominant LH. This indicates that in both 

hemispheres at these three major peak latencies, 

synchronous activation of a higher number of 

SI neurons occurs and agrees with the GFP 

curves of both nerves found in this study. In a 

recent EEG study in a group of 50 subjects (20-

70 years), using intraclass correlation coefficient 

and correlation coefficient between GFP of left 

and right median nerve somatosensory evoked 

potentials, a high symmetry was found in healthy 

subjects (Van den Wassenberg et al., 2008). This 

situation changes essentially as soon as tasks 

are executed. In a group of right handed subjects 

it was demonstrated that depending on the 

complexity of the executed tasks, different parts 

of the dominant and non-dominant hemisphere 

cooperate, making  handedness a relative 

quality (Halsband et al., 2006; Gut et al., 2007; 

Brenneman et al., 2008). New insights into the 

ability of the human brain to adapt during life 

(Rossini et al., 2004), as demonstrated in healthy 

humans like violin players (Schwenkreis et al., 

2007), patients and animals (Kaas et al., 1983), the 

connecting functional principle between motor 

and sensory system still has to be elucidated. 

Handedness may prove to be a quality that can 

best be understood within the context of the tasks 

performed. Hemispherical  asymmetry is possibly 

best correlated with the motor cortex (Volkmann 

et al., 1998), more observed in task dependant 

studies and as supported by this study to a far 

lesser extent with the elementary aspects of the 

somatosensory system.  

This non-task dependant study certified that the 

cortical evoked field characteristics after standard 

electrical median and ulnar nerve stimulation, 

using a whole-head 151 channel MEG system, 

did not demonstrate sensory lateralization to the 

left dominant hemisphere in a group of twenty 

right handed subjects. Peak latencies, MEG field 

distribution (GFP) and dipole source parameters 

exhibited comparable values in the right and 

left hemispheres in response to contra lateral 

hand stimulation and did not differ significantly. 

Hence, the hypothesis that  “hemispherical right 

motor dominance would be represented in the 

characteristics of the sensory evoked magnetic 

fields”, has to be rejected. Any intra- and inter-

individual comparison between studies requires 

at least the same or a comparable measuring 

protocol since the human somatosensory cortex 
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SI varies topographically to a certain extent 

(Geyer et al., 2000). In the past, several studies 

on cortical evoked responses in patients were 

published without a healthy control group 

studied for comparison. Statements on brain 

structure-functional relationships, without taking 

into consideration variation in hemispheric (a)

symmetry, will remain incomplete (Birklein et al., 

2005; Hugdahl, 2010). In addition, the effect of 

handedness on the sensory-motor system of the 

human hands is not yet fully understood. This 

study was restricted to right-handed subjects 

while the effect of handedness on the left-handed 

subjects requires further study to reinforce the 

main findings. On the level of the brain function in 

the interaction of SEF with alpha rhythms, alpha 

rhythm may interact the activation of SEP (e.g. 

Reinacher et al., 2009). However, it is not in the 

scope of current study. This study strictly focused 

on the M20-M30-M70 peaks. The influence of 

gender differences was studied by Zappasodi et 

al., 2006. Cortical interhemispheric differences 

after electrical nerve stimulation were quite 

symmetrical in the two hemispheres, making 

the interhemispheric differences relatively non-

dependent of gender. In a broader perspective, 

final conclusions on the neurophysiological 

dominance vs. non-dominance of somatosensory 

systems requires further confirmation in future 

studies including brain rhythms, radial sources 

of evoked EEG responses, long-latency evoked 

responses and sensorimotor gating effects. Of 

note, these mentioned limitations do not drop 

down the importance of the present findings also 

for future clinical applications.

Conclusion

From the psychophysical evidence and responses 

to the contralateral global field power or the peak 

and peak potentials of early dipoles in SEF, it is 

concluded that there is no sensory dominance of 

human hands in a group of right-handed subjects. 

In contrast to the apparent motor dominance 

(dexterity, strength) of the right hand. Little 

depiction of sensory lateralization to the dominant 

left hemisphere is shown, both hemispheres are 

equal in sensory reactivity.
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Abstract 

Background

This study examined whether chronic neuropathic 

pain, modulated by a local anaesthetic block, is 

associated with cortical magnetic field changes.    

Methods 

In a group of twenty patients with pain due to 

unilateral traumatic peripheral nerve injury, a local 

block with Lidocaine 1% was conducted and the 

cortical effects were measured and compared to 

a control group. The Global Field Power (GFP), 

describing distribution of cortical activation after 

median and ulnar nerve stimulation, was plotted 

and calculated. The effects on the Affected 

Hemisphere (AH) and the Unaffected Hemisphere 

(UH), before and after a block of the injured nerve 

were statistically evaluated.  

Results

Major differences based on the GFP curves, at a 

component between 50 ms - 90 ms (M70),  were 

found in patients: in the Affected Hemisphere 

the M70 GFP peak values were statistically 

significantly larger compared to the UH and the 

GFP curves differed morphologically. Interestingly, 

the mean UH responses were reduced compared 

to the control group and suggests that the UH is 

also part of the cortical changes. At M70, the GFP 

curves and values in the Affected Hemisphere 

were modulated by a local block of the median or 

the ulnar nerve. The most likely location of cortical 

adaptation is in the primary somatosensory cortex. 

Conclusions

Cortical activation is enhanced in the Affected 

Hemisphere compared to the UH and is 

modulated by a local block. The UH In neuropathic 

pain changes as well. Evoked fields may offer 

an opportunity to monitor the effectiveness of 

treatments of neuropathic pain in humans.  
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Introduction 

Traumatic peripheral nerve injury (PNI) may 

produce a variety of symptoms including 

neuropathic pain, autonomic dysfunction and 

disability.1-3 Functionally, neuropathic pain may 

result from abnormal peripheral inputs and/or 

abnormal central processing.4-8  The continuous 

volleys of ectopic afferent inputs produce 

central adaptive changes.9-16 Neurophysiological 

parameters that characterize these cortical 

changes range from peak latency differences 

to cortical map reorganization.17-20 Anatomical 

changes by sprouting and growth into the 

deafferentiated area, were found in animals 

after sensory loss of a forelimb.21,22 In humans, 

electroencephalography studies showed 

functional changes in cortical evoked responses 

in amputees 19,23-25 after nerve injuries10,26,27 and 

after stroke using magnetoencephalography.28 

After nerve injury in humans, cortical changes 

whereby recruitment from neighbouring cortical 

areas occurred, were reported as well.2,15,29-31

Nonetheless, central adaptations and sensitization 

in humans are difficult to demonstrate and 

pain modulation at the cortical level is not well 

established.32-34 In this study, we hypothized 

that the volley of impaired afferent information 

in the PNI group, as soon as it was interrupted 

by a local anaesthetic block, would result 

in detectable cortical changes. Advances in 

magnetoencephalography, characterized by its 

accurate detection of fissural generators and 

undisturbed by reference activity, provides a 

better temporal resolution of the functional brain 

changes than functional Magnetic Resonance 

Imaging (fMRI). The aim of this study was to 

explore the cortical effects of local anaesthesia 

at the site of the nerve injury and to test the 

reversibility of the functional cortical changes 

using magnetoencephalography. We compared 

the characteristics of the evoked cortical fields 

after electrical stimulation of the median and/or 

ulnar nerve in two groups: (1) a group of healthy 

subjects, (2a) a group of patients, with traumatic 

PNI in one upper extremity, and (2b) the same 

patient group re-measured after local anaesthesia 

in the pain free condition. 

Materials and Methods 

The study was approved by the Medical Ethical 

Committee Alkmaar (NH04-196) and the VU 

Hospital Amsterdam. All healthy subjects and 

patients were adequately informed and gave 

their written consent. Twenty healthy subjects 

(13 males and 7 females, age range 27- 48 years, 

mean 34.1, standard deviation ± 6.1 years), all 

Caucasian and right handed) were recruited 

from two hospital staffs. Twenty patients, with a 

traumatic nerve injury and continuous pain were 

studied. Table 1 presents demographic data of 

the PNI group. Although variation of the nerve 

injuries is observed, all were in pain. 

The group consisted of 5 male and 15 female 

right handed patients, the age was between 22 

and 69 years (mean 48.3 and s.d. ± 14.7 years). 

In all patients, neuropathic pain had been present 

between 1 - 25 years (mean 5.4 s.d. ± 6.5 years). 

In 13/20 patients traumatic nerve injury was 

assessed during microsurgical repair, secondary 

neurolysis after a Carpal Tunnel Syndrome (N=2), 

after a M. Quervain operation and neuroma 

forming (N=3) or after a metacarpal fracture 

(N=2). Neuroanatomical damage varied from 

full nerve transection to digital nerve injury. In 

5 patients, after major nerve injury (A1, A3, A4, 

A6, A11) partial paralysis or paresis was found, 

patient A3 also suffered from spasms. Mechanical 

allodynia was present in all patients, the severity 

changed with the level of activity. Other sensory 

symptoms included: hyperalgesia, hypoaesthesia 

and paraesthesia. All patients complained of 
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Patient age sex injured nerve etiology & operation Number* Onset of pain
pain 
duration 
(years)

A-1 35 F median nerve glass wound wrist, 
subtotally transected 3 immediately after 

trauma 4

A-2 43 M radial nerve 
sharp trauma, wrist, 
secondary entrapment 
correction

3 immediately after 
suture 3

A-3 47 M median nerve glass wound, total 
transection, median repair 1 2-3 months after 

injury 7

A-4 54 M median nerve glass wound, primary 
suture, neuroma removal 2 few weeks later 9

A-5 29 F radial nerve 
3 x ganglion operation 
at wrist, radial nerve 
neuroma 

1 few weeks later 10

A-6 30 F median nerve glass wound, 50% 
transection 2 1 month later 1

A-7 63 F radial nerve
de Quervain, wrist, nerve 
branch transection, 
neurolysis 

4 immediately after 
operation 22

A-8 22 F ulnar nerve blunt trauma, ulnar 
transposition right 2 before 1st  

operation 3

A-9 49 M radial nerve sharp trauma: neurolysis 
right hand 2 2 months 3

A-10 61 F radial nerve de Quervain, wrist, pain 
and sensory loss 1 immediately after 

operation 1

A-11 55 M ulnar nerve neurinoma excision above 
elbow, infection wound 3 before 1st  

operation 4

A-12 63 F radial nerve de Quervain, wrist, radial 
nerve branch entrapment 5 immediately after 

operation 25

A-13 69 F digit II nerve neuroma excision twice 2 immediately after 
operation 2

A-14 67 F digit V nerve
metacarpal fracture, 
neuroma forming digital 
nerve

2 immediately after 
operation 3

A-15 53 F median nerve CTS operation 1 before 1st  
operation 4

A-16 60 F digit II nerve matacarpal fracture, 
sensory loss and pain 0 within weeks 2

A-17 48 F median nerve CTS operation 1 before 1st  
operation 4

A-18 49 F digit II nerve digital nerve, local 
exploration and infection 1 before 1st  

operation 2

A-19 36 F ulnar nerve knife wound at wrist 2 immediately after 
operation 4

A-20 25 F digit II nerve knife wound at butchery 1 within weeks 2

Table 1. Demographic data of all twenty PNI patients. Age, gender, injured nerve and etiology are presented. Onset of pain after nerve 

injury and pain duration in years. CTS = Carpal Tunnel Syndrome. Number* = number of operations after trauma. PNI** = Peripheral 

Nerve Injury. 
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a cold hand, in particular during severe pain. 

Trophic changes included hyperhidrosis. The 

diagnose Complex Regional Pain Syndrome 

(CRPS) is based on signs and symptoms.35,36  At 

the time of the measurements in 5 / 20 patients, 

this syndrome was diagnosed. Patient A-7 

who only had a radial branch injury after a M. 

Quervain operation, suffered 22 years from pain. 

Intermittently, considerable edema, dystonia and 

loss of function was present. The Verbal Rating 

Score before the measurements ranged from 4 to 

9 (mean 7.0, s.d. ± 1.0), after the local block each 

patient had to be pain free. At the time of admission 

to the pain clinic, analgesics (non-opioids and 

opioids) and anti-epileptics all had been used 

without good results. Patients used their different 

medications randomly like paracetamol, Non-

Steroidal Anti-Inflammatory Drugs (NSAIDs) and 

opioids like tramadol or morphine. Three to seven 

days before the measurements, patients were 

free of pain medication. No neurological diseases 

were present and no medication was used that 

might bias cortical results (i.e. anti-epileptics). 

Measurements  

In the subject group, the four possible stimulation 

sites of both hands received a number, the left 

median nerve a “1” and the left ulnar a “2”, for 

the right side “3” and “4” respectively. Stimulation 

order of the median or ulnar nerve was performed 

in a randomized way (i.e. 4,2,1,3 for subject HC-

04) with a bipolar electrode at the wrist and the 

cathode placed proximally.37 Patients: in order not 

to induce additional pain, we stimulated the nerves 

parallel to the injured nerves, e.g. after median / 

radial nerve injury we studied the ulnar evoked 

responses. Stimulation of the nerve parallel to the 

injured painful nerve is supported by experiments 

in squirrel monkey and in human subjects 

where dominance of the adjacent intact nerve 

emerged cortically.38-40 Subjects and patients were 

measured in the supine position under identical 

conditions, lasting about 45 minutes with the 

head well positioned in the helmet. Foam rubber 

and the position of the bed close to the helmet 

stabilized the head in the helmet without much 

space left to move which might alter the position. 

A resting period between stimulation sessions of 

5-10 minutes was ensured. An electrical nerve 

stimulator (Grass, model S48, Pegasus Scientific 

Inc., Rockville, Maryland, USA) and photoelectric 

stimulus isolation unit (Grass, model SIU7, USA) 

was employed. The stimulation current was pulsed 

at a repetition rate of 2 Hz with a pulse duration of 

0.2 milliseconds (ms). In 10 / 20 patients median 

nerve stimulation and in 10 / 20 patients ulnar 

nerve stimulation was performed. Patients were 

measured three times: firstly the unaffected side, 

secondly the affected side before and thirdly after 

the administration of a local anaesthetic block (2 

ml Lidocaine 1%) subcutaneously at the painful 

site (AH block). Full pain alleviation was achieved 

in 16/20 patients after 15 minutes. In four patients, 

a 4th measurement was performed since full pain 

alleviation required a 2nd block. A distinction 

was made between the affected hemisphere 

(AH) and unaffected hemisphere (UH), the AH 

and UH correspond to the contralateral side of 

affected and unaffected extremity, respectively. 

Stimulus intensity threshold reached a 1.5 times 

motor twitching level.41 Five hundred stimuli 

were recorded from each nerve, after 100 stimuli 

the position of the head to the helmet was 

electronically reassessed for accuracy. The peri-

stimulus interval was 50 - 100 ms pre-trigger 

and 400 ms post-trigger. During measurements, 

subjects and patients were asked to ignore the 

stimuli and refrain from blinking as much as 

possible, to keep eyes open and fixate a point on 

the ceiling. Stimulations were tolerable for both 

groups during all measurements. Two patients 

were unable to maintain their position and were 

left out of the study. 

  8



154 155

chapter 8

Magnetoencephalographic – MRI recordings

A 151-channel whole-head magneto encephalo-

graphy system (VSM - CTF, Port Coquitlam, 

Canada) was used and measurements were 

performed in a 3-layer magnetically shielded room 

(Vacuum Schmeltze GmbH, Hanau, Germany). 

The x, y and z coordinate system, common to 

each individual magnetoencephalography and 

MRI, was based on three anatomical landmarks 

and fixed to nasion, left and right pre-auricular 

points. Using the positions of these fiducials a 

head centred coordinate frame was defined. The 

(+) axis was directed to the nose, the (+) y-axis 

to the left ear and the (+) axis to the vertex. 

Magnetoencephalographic signals were sampled 

at 1250 Hz, triggered by the synchronization 

pulse of the electric stimulator. On-line, filters 

were set at direct current for high-pass and at 

400 Hz (4th order Butterworth filter - IMST GmbH, 

Kamp-Lintfort, Germany) for anti-aliasing low-

pass. Off-line the magnetoencephalographic data 

were screened for artefacts, averaged and direct 

current-corrected using the pre-trigger interval 

to determine the recording offset. Furthermore, 

+/- averages were calculated to obtain noise-

level estimates. The raw data were visually 

inspected after data acquisition. Trials showing 

clear artefacts caused by eye blinks or by muscle 

activity, e.g. due to swallowing, were removed 

from the dataset. MRI registration was performed 

with a 1.5T 3d-MRI (Siemens Sonata, Erlangen, 

Germany).  

 

Data management and statistical analysis

This study was designed as an explorative study 

for the parameters that describe the cortical 

evoked differences between healthy subjects 

and PNI patients. Since no prior experimental 

and quantitative results as to the magnitude of 

the expected effects were available, a formal 

calculation of a prespecified power was not 

possible. Absence of an a priori power analysis 

indicates that negative statistical results have 

to be interpreted with caution since an existing 

difference may not be detected. Based on the 

low availability of PNI patients with continuing 

pain, groups of twenty subjects and patients 

were selected. Experimental design consisted 

in all cases of simple two-group comparisons. 

Statistical tests used were the independent groups 

t-test (or its non-parametric equivalent the Mann-

Whitney test where appropriate) for between 

groups comparisons, and the paired t-test (or its 

non-parametric equivalent the Wilcoxon signed 

ranks test where appropriate) for within groups 

comparisons. A p-value less than 0.05 was 

considered as a statistically significant rejection 

of the null-hypothesis specified with two-tailed 

alternative hypotheses. Effect sizes and p-values 

are reported wherever relevant magnitudes of 

effects existed. Whereby:

Effect Size (E.S.) = mean experimental group – mean control group

 standard deviation control group

The effect size42,43 is a numerical way of expressing 

the strength or magnitude of a reported relationship, 

be it causal or not. An E.S. near 0.0 means that, 

on average, the experimental group and control 

group performed the same, a negative E.S., on 

average, means that the control group performed 

better. A positive E.S. means that the experimental 

group performed better than the control group. 

The more effective the intervention, the higher 

the positive E.S. value. Statistical analysis was 

performed using SigmaStat 3.5v software (Systat 

Software Inc., Point Richmond, CA, USA). Control 

for multiple testing was deemed unnecessary 

since in this explorative study no common 

hypothesis or theory covering two or more 

individual statistical tests was present. Control for 

the family wise error rate is important only when 

a conclusion based on several statistical tests is 

falsified, if at most one of the underlying tests is 
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negative.44 Given the clinical significance of our 

results and the likelihood of an increase of type II 

errors, control for the family wise error rate, i.e. a 

Bonferroni correction, was not performed.45,46 Only 

contralateral hemispherical activity was analyzed 

in this study for comparison of the subject 

and patient groups. A Compressed Waveform 

Profile (CWP), the butterfly-like display of the 

superimposed evoked responses of all sensors 

of all subjects and patients was made. Of each 

subject and patient, the Global Field Power (GFP) 

curves and peak values after nerve stimulation of 

each hand were plotted and calculated in order to 

identify power differences and changes after the 

blocks. The GFP (in femtoTesla2) was computed 

for each individual as the sum of squares over 

all channels, divided by the number of channels 

(N=151). For magnetoencephalography, the GFP 

is a measure of the variability of the magnetic 

field energy distribution and reflects neuronal 

activity.47,48,49 Together with the CWPs, peak 

stages and peak latencies were identified. Three 

stages were defined: an early (<50 ms), middle 

(50 ms - 90 ms) and a late stage (90 ms - 400 ms). 

Peaks in the post stimulus 400 ms time window, 

with clear dipolar somatosensory evoked field 

activity were selected as the cortical areas of 

interest for analysis. A peak was identified by 

visual inspection and defined by an amplification 

factor (= post stimulus amplitude / the pre 

stimulus root mean square value as an indication 

of noise) > 3. Peaks in each of these stages are 

presented as i.e. M20 for the peak around 20 

milliseconds etc. 3D cortical maps were made 

for all subjects (Left Hemisphere and Right 

Hemisphere) and patients (UH, AH and AH block) 

at different latencies. VSM - CTF (Port Coquitlam, 

Canada) software50 was used to model the single 

equivalent current dipole (ECD) sources and 

Advanced Neuro Technology software (ANT A/S, 

Enschede, The Netherlands) for graphical display. 

The conventional single moving dipole analysis51 

was used for magnetoencephalographic data 

evaluation and based on individual MRI’s. 

Results 

Stimulus intensities: in the subject and patient 

group and, between the two groups, no 

significant threshold differences were found 

between the left and right hand for all stimulated 

nerves and for all conditions (p>0.05 and E.S. 

values). Somatosensory evoked field peak stages: 

the incidences and latencies of the peaks in the 

early, middle and late stages for subjects and 

patients were assessed. The number of peaks 

demonstrated high consistency for both groups. 

Between the subject and patient groups, at 

M20, M30 and M70, no consistent significant 

latency differences were found that indicated 

facilitation of nerve transmission for patients 

(see Supplementary Digital Content I, listing the 

number of peaks and peak latencies for both 

groups).

Characteristics of the CWP 

The CWP morphologies of all subjects and 

patients, after median and ulnar nerve stimulation, 

demonstrated large inter-individual variation but 

fewer intra-individual hemispherical differences. 

The CWPs of two patients are presented in Fig. 

1, each from the median and ulnar group, and 

displayed different profiles. In patient A-10 (Fig. 

1A-C), the CWPs after median nerve stimulation 

of both hands, before and after the anaesthetic 

block of the affected hand are presented. After 

ulnar stimulation in patient A-1 (Fig. 1D-F) a 

similar configuration was observed. 

The effect of the anaesthetic block on the 

amplitude (reduction) once the patient was pain 

free, is observed in the middle stage in both 

patients (Fig. 1C and Fig. 1F). 
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Global Field Power (GFP) morphology

For the subject and patient groups, GFP plots 

were made of the 400 ms post-stimulus time 

window. Results are depicted in Fig. 2. Subjects: 

LH Med denotes the mean Left Hemispherical 

GFP response after stimulation of the right median 

nerve, RH Med the Right Hemispherical GFP 

response after left median nerve stimulation etc. 

Fig. 2A presents the mean GFP overlay curves of 

the subject group after nerve stimulation. The top 

two curves (black and red) for the median nerve are 

morphologically slightly different; the same applies 

for the ulnar nerve (blue and green). The distribution 

(curves) of the power for both nerves in the entire 

time window is highly congruous with three distinct 

peaks in the first 90 ms: at M20, M30 and M70. 

Fig. 1. CWPs after median (A–C) and ulnar nerve (D–F) stimulation are presented of the UH, AH, and AH block of two patients (A-10 

and A-1). The AH block depicts the cortical evoked effects of the block on the affected hemisphere, in the pain-free state. Numbers 

at various peaks depict the latencies, in A the first peak is at 22.8 MS, etc. On the y-axis, the amplitude in femtoTesla (fT) is depicted 

on the x-axis, time in milliseconds (0–400 MS). AH= affected hemisphere; AH-block= affected hemisphere after a local block; CWPs. 

Compressed waveform profiles; UH=unaffected hemisphere. 

Fig. 2. The mean GFP curves of all subjects (N = 20) depict the power distribution (2A) over the LH and RH after stimulation of 

the median and ulnar nerves of both hands. LH MED or LH ULN indicate the response in the LH after median or ulnar stimulation, 

for the RH the same meaning. Fig. 2B and 2C depict the three mean GFP curves after median and ulnar stimulation of the patient 

groups. The UH curve (black), the AH curve (red), and the AH after the anesthetic block (blue) are depicted. Vertical is the power in 

fT2 (femtoTesla2) and horizontal is the time in milliseconds (0–400 MS). AH=affected hemisphere; AH-block=affected hemisphere after 

a local block; GFP=global field power; GFP MED and GFP ULN=GFP after median and ulnar nerve stimulation, respectively; LH=left 

hemisphere; RH=right hemisphere; UH=unaffected hemisphere.
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Patients: the morphology of the median and ulnar 

GFP curves (Fig. 2B and 2C) differed from the 

subject group. In the median group, the M20 and 

M30 peaks are part of a broad complex. In the 

middle stage the power in the AH is larger than 

in the UH, after the block the power decreases. 

In the ulnar group small M20 and M30 peaks are 

present. At M70, AH power is larger than in the 

UH but after the block no difference is recognized. 

Strikingly in the first 90 ms post stimulus, for both 

for the median and ulnar group the GFP peaks 

in the AHs are higher, particularly between 50 

ms - 90 ms compared to the UH. Subjects versus 

patients: for both patient groups the GFP peaks 

at M20 are hardly distinguishable but lower 

compared to subjects. In the patient groups all 

the median and ulnar, M30 and M70 GFP peaks, 

especially in the UH, were lower compared to 

subjects. 

Patients: GFP after the local block (AH block)

For the same two patients as in Fig. 1, the GFP 

curves including the effects of the anaesthetic 

block are presented in Fig. 3.

The GFP curves of the responses on the AH, AH 

block and UH of patient A-10, after median nerve 

stimulation are depicted in Fig. 3A. In the middle 

stage, around the M70 peak clear differences 

are visible. After a local block, with 1-2 ml of 

Lidocaine 1%, magnetoencephalography was 

repeated in the pain free state. As shown, there 

is a considerable reduction in GFP peak value 

(blue) of the AH block at 68.8 ms. The individual 

GFP profiles in patient A-1 (Fig. 3B) after ulnar 

stimulation differ and, power changes are 

observed between 30-130 ms. After the block, 

a considerable GFP reduction for both peaks is 

observed. Most consistent finding after the block 

for the patient group were GFP changes during 

the middle stage.  

GFP values at M20, M30 and M70

Based on the GFP curves of each individual subject 

and patient, the peak values (fT2) were assessed. 

GFP data were statistically compared in and 

between the subject and patient groups (median 

and ulnar). At M20 in both groups, no statistical 

differences were found. No statistical differences 

comparing the LH and Right Hemisphere were 

found between the GFP values (in fT2) at M30 

and M70 in the subject group either (Table 2). 

The E.S. data, the LH as dominant hemisphere 

was taken as control in the equation, indicate 

that there is hardly any difference between the 

Right Hemisphere and LH. However no complete 

Fig. 3. Global field power (GFP) curves of patient A-10 (3A) and patient A-1 (3B) after median and ulnar nerve stimulation, respectively, 

are presented. Unaffected hemisphere (UH) (black) and affected hemisphere (AH) (red) represent the GFP curves after stimulation 

of the unaffected hand and affected hand; AH block (blue) depicts the GFP curve after an anesthetic block. Power differences 

and changes are clearly discernable after the block. Vertical is the power in fT2 (femtoTesla2 ) and horizontal is the time window in 

milliseconds (0–400 MS).
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homology of GFP values in healthy subjects for 

both nerves were found. 

In the middle stage, the patient groups 

demonstrated a significant change. At M70, after 

median and ulnar nerve stimulation the AH values 

were significantly larger compared to the UH and 

AH block values for both nerves (Table 3). After the 

block in the pain free state no statistical difference 

of GFP values between the UH and the AH block, 

was found for both nerves (p>0.05). Effect Size 

data support these findings and accentuate the 

effectiveness of the block. 

Subjects versus patients: statistical analysis of the 

individual GFP data between both groups and for 

both hemispheres, demonstrated no significant 

differences at M20. Table 4 presents the M30 and 

M70 GFP values, statistical differences and E.S. 

data for both groups. 

These data support the morphology of the GFP 

curves in Fig. 2 where in the patient groups, 

the M30 and M70 peaks were lower compared 

to subjects. For both patient groups, significant 

lower GFP values of the UHs at M30 and M70, 

in comparison to subjects, is demonstrated. In 

conclusion, significant power changes in the 

patient groups were found at M70 before and 

after the block. In contrast, between subjects and 

patients at M30 and M70, significant statistical 

power differences occur.   

3D Topography of somatosensory evoked fields 

3D cortical maps were made for all subjects 

and patient’s at all major peak latencies (see 

Supplementary Digital Content 2 and 3, presenting 

Median and Ulnar brain maps respectively for 

two patients). In the Subject group and patient 

groups, the 1st (M20 / M30) polarity reversal for 

both nerves was highly consistently found (> 90-

95%). The 2nd polarity reversal in the subject group 

SUBJECTS          
Median nerve mean GFP values (Paired t-test)        

Peaks M30 (fT2)  Peaks M70 (fT2)
LH (20/20) 5740.6 LH (20/20) 5701.3
s.d. 4954.1 s.d. 3814.6
RH (20/20) 5283.3 RH (20/20) 6720.5
s.d. 3137.7 s.d. 5086.5
diff. RH-LH1 -457.3 diff. RH-LH1 1019.2
Effect Size (E.S.) -0.09 E.S. 0.27

Ulnar nerve mean GFP values (Paired t-test)
Peaks M30 (fT2)  Peaks M70 (fT2)
LH  (18/20) 2458.3 LH (19/20) 4813.8
s.d. 2043.3 s.d. 4100.9
RH (20/20) 3031.4 RH (20/20) 5764.4
s.d. 2969.2 s.d. 5098.7
diff. RH-LH1 573.1 diff. RH-LH1 950.6
Effect Size (E.S.) 0.28 E.S. 0.23

Table 2. Mean GFP peak values (in femtoTesla2 - fT2 ) and SD at two latencies (M30 and M70) are presented for 
the subject group in both hemispheres. ES data, numeric values, were calculated for the differences between the 
RH and LH. LH 1 is the dominant hemisphere and in the E.S. formula taken as control. Numbers between brackets 
indicate the number of peaks in each hemisphere at M30 and M70. ES=effect size; GFP=global field power; LH=left 
hemisphere; RH=right hemisphere.
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was present between M90 - M180 (>90%). In the 

patient group for all three stages and for both 

nerves the 2nd reversal differed and ranged from 

no  to even three reversals (from M50 to M180). 

In the middle stage reversals occurred several 

times. In the late stage (M90, M150 and M180) no 

2nd reversal between 20% - 80% for both nerves 

was present which indicates wide variation. 

Equivalent Current Dipole (ECD) 

characteristics

Subjects: at M20 and M30, for the median and 

ulnar nerve, after mirroring the dipoles to the same 

hemisphere, only the ulnar nerve ECD at M20 

demonstrated a significant different x-value inter-

hemispherically. In the LH, the ulnar ECD was 

positioned more posterior (p=0.013). The M70 

ECDs in the subject groups with a low residual error 

(<6%), for both nerves present in 12-14 / 20, were 

located in the contralateral primary somatosensory 

cortex. Patients: statistical analysis of M20 and 

M30 dipole parameters did not show any significant 

difference. At M70, only those ECDs with a low 

residual error (< 6 %) for all stages (before and after 

block) were studied.  

Figure 4 A presents four measurements of patient 

A-8 after median nerve stimulation. Patient A-8 is an 

example of the 4 of 20 patients (see Materials) in 

whom a second anesthetic block was needed. The 

red curve depicts the GFP curve of the patient in 

pain. After the first block, pain was hardly present 

but the injured hand felt painfully cold (green curve). 

PATIENTS       

Median nerve mean GFP values (Paired t-test)

Peaks M30 (fT2) Peaks M70 (fT2)

UH - AH (10/10) 2759.5 UH (9/10) 2826.4 *

Effect Size (E.S.) 0.17 E.S. 1.93

AH - AH block (9/10) 3532.0 AH (9/10) 5822.3 *

E.S. -0.08 E.S. -0.75

UH - AH block (9/10) 3180.0 AH block (9/10) 4109.4

E.S. 0.09 E.S. 0.83

Ulnar nerve mean GFP values (Wilcoxon SRT)

Peaks M30 (fT2) Peaks M70 (fT2)

UH (10/10) 555.8 UH (10/10) 1875.4 *

Effect Size (E.S.) 0.66 E.S. 1.76

AH (10/10) 880.3 AH (10/10) 4750.2 *

E.S. 0.00 E.S. -0.22

AH block (9/10) 876.0 AH block (10/10) 3477.1

E.S. 0.65 E.S. 0.98
       
Table 3. GFP values for the median and ulnar patient groups are presented at three stages, (UH, AH, and AH block). Numbers 

between brackets indicate the number of M30 and M70 peaks in each hemisphere. * A significant statistical difference was found at 

M70 between the UH - AH and AH - AH block values (in bold). After the block there was no significant difference between the UH - 

AH block values for both patient groups. AH=affected hemisphere; AH block=affected hemisphere after the local block; ES=effect 

size (numeric values); GFP=global field power, values in femtoTesla2 (fT2); UH=unaffected hemisphere.

      

  8



160 161

chapter 8

SUBJECTS versus PATIENTS   

Median nerve mean GFP values (t-test / Mann Whitney RST)
Peaks M30 (fT2)  Peaks M70 (fT2)
Mean LH + RH 5489.5 Mean LH + RH 6210.9
s.d. 4101.0 s.d. 4461.1

UH (10/10) 2759.5* UH (9/10) 2826.4 *
Effect Size (E.S.) -0.67 E.S. 0.76
AH (9/10) 3532.0 AH (9/10) 5822.3 *
ES -0.48 E.S. -0.09
AH block (9/10) 3180.0* AH block (9/10) 4109.4
ES -0.6 E.S. -0.47

Ulnar nerve mean GFP values (t-test / Mann Whitney RST)
Peaks M30 (fT2)  Peaks M70 (fT2)
Mean LH + RH 2737.1 Mean LH + RH 5301.3
s.d. 2517.0 s.d. 4641.4

UH (10/10) 555.8* UH (9/10) 1875.4 *
Effect Size (E.S.) -0.87 E.S. -0.70
AH (9/10) 880.3* AH (9/10) 4750.2 
E.S. -0.74 E.S. -0.005
AH block (9/10) 876.0 AH block (9/10) 3477.1*
E.S. -0.74 E.S. -0.31

   
Table 4. Between the subject and patients groups, at M30 and M70, GFP values were calculated. Significant differences are 

presented (in bold) with an asterix * for both nerves. In the ES formula, the mean SD of the LH and RH was used. AH=affected 

hemisphere; AH block=affected hemisphere after the block; ES=effect size (values are numeric); GFP=global field power, in 

femtoTesla2 (fT2); LH=left hemisphere; RH=right hemisphere; UH=unaffected hemisphere.

M30
latency 

(ms)
residual error x (mm) y (mm) z (mm) declination azimuth strength (nAm)

UH 32.0 1.4% 11.0 -45.2 72.5 118.4 208.8 52.9
AH 34.4 3.8% 2.9 36.5 82.3 93.2 172.7 52.8
AH - 1st block 33.6 3.3% 2.8 35.9 82.6 95.0 171.0 57.7
AH - 2nd block 33.6 2.8% 1.8 34.5 81.7 96.5 171.1 67.0
M70 residual error x (mm) y (mm) z (mm) declination azimuth strength (nAm)
UH 60.4 4.2% 11.5 -42.1 73.6 118.3 212.2 36.0
AH 63.4 4.0% 4.7 32.4 85.2 106.3 153.5 34.3
AH - 1st block 62.4 2.9% 3.5 31.9 82.0 101.0 162.6 44.4
AH - 2nd block 64.0 5.1% 3.4 31.7 83.3 105.2 157.3 39.9

        

Table 5. The latencies, residual errors, and six dipole parameters of patient A-8 are presented at M30 and M70. Position values (x, y, 

and z) in millimeters (mm), declination and azimuth in degrees, strength in nanoAmperemeter (nAm). AH=affected hemisphere; AH 

block=the hemispherical response after a first and second local anesthetic block; UH=unaffected hemisphere.
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The AH GFP peaks at M30 and M70 after the 1st   

block are relatively the highest. After the second 

block (black curve), the AH-pain free M30 GFP peak 

value decreases and is comparable to the UH M30 

peak (UH = 16198.2 fT2, AH second block = 15525.7 

fT2). In the full pain-free state, the UH (blue curve) 

and AH second block (black) peaks at M30 and M70 

are morphologically nearly identical. In the late stage 

(more than 90 ms), changes are relatively low.

Fig. 4B and 4C present a one dimensional image 

of the MRI of patient A-8 with all four dipoles 

projected over both hemispheres at M30 and 

M70 respectively. The UH dipole at M30 and M70 

is depicted in blue, the AH dipoles in red. The 

dipole depicting the 1st block is green and yellow 

after the 2nd block. Both at M30 and M70, the UH 

dipole is located more anterior, lateral and inferior 

compared to all AH stages. The spatial data of 

the M30 and M70 dipoles in the AHs indicate 

that the dipoles hardly changed their positions 

(Table 5). Combining the dipole localizations in 

Fig. 4C with the two other 3-D spatial images 

(coronal, sagittal) indicates that M70 activity is 

localized in the primary somatosensory cortex 

(see Supplementary Digital Content 4, presenting 

a 3-dimensional overview of the M70 dipole 

characteristics of patient A-8). After selection, in 

6 / 10 patients (median nerve) and 5 / 10 (ulnar 

nerve) with a low residual error (<6%) the dipoles 

were, compared to subjects, also located in the 

Fig. 4A. Four GFP curves of patient A-8 after four different measurements are presented. The UH curve (blue), AH in pain (red), AH 

first block without pain but unpleasant cold hand (green), and AH-pain free after the second block without pain (black) are depicted 

in a 250-ms (MS) time window; vertical is the power in fT2 (femtoTesla2). Major power changes for patient A-8 are observed in the 

early (M30) and middle stage (M70). AH=affected hemisphere; AH-1st block= affected hemisphere after 1st local block; AH-pain 

free=affected hemisphere after 2nd local block; GFP=global field power; UH MED=unaffected hemisphere response after median 

nerve stimulation. 
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primary somatosensory cortex. In 9 / 20 M70 

dipoles were not included since modelling with 

a single moving dipole was not possible or for 

residual error reasons (> 6%). Combining subjects 

and patient data at M70, no significant statistical 

differences were found.     

Discussion 

Cortical plasticity has been defined as the 

central nervous systems ability to adapt to 

environmental challenges or compensate for 

lesions.52,53 Plasticity resulted in an enhancement 

of cortical activity after nerve injury or 

amputation in humans29-31,54 or a shrinkage of the 

somatosensory hand representation in Complex 

Regional Pain Syndrome I.55 Before the present 

study, stability and repeatability of the cortical 

evoked responses after median, ulnar and 

posterior tibial nerve stimulation was assessed 

in subjects and PNI patients.56,57 In this study, 

magnetic evoked responses in and between 

subjects and PNI patients were compared, before 

and after an anaesthetic block. The GFP curves, 

presenting cortical activation in the subject and 

patient groups, differed morphologically and 

indicated: (a) decreased cortical activity in the UH 

of both patient groups compared to the AH and 

AH block phase; (b) decreased cortical activity in 

patients in the AH, AH block but in particular in 

the UH compared to subjects. These findings are 

Fig. 4B and 4C. The ECD localizations at M30 (B) and M70 (C) of patient A-8 are presented in the UH, AH, and AH after the first 

and second anesthetic block. The M30 and M70 dipoles in the UH are depicted in blue, in the AH in red. The green AH dipole 

depicts the dipole after the first block, minimal pain but still with an unpleasant cold hand. Yellow depicts the dipole localization 

after the second block. The nose is depicted in white and marks the (+) x axis. AH=affected hemisphere; AH-1st block=affected 

hemisphere after a first local block; AH pain free after second block; ECD=equivalent current dipole; L=Left; M30=ECD at 30 ms; 

M70 the ECD at 70 ms; R=right; UH=unaffected hemisphere.
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consistent with the interpretation that smaller or 

larger GFPs correspond to smaller or larger neural 

areas of activation. Therefore, our results suggest 

that in unilateral nerve injury of an upper extremity 

and continuous pain, both hemispheres are 

involved in cortical adaptations and hemispherical 

differences have to be compared with a healthy 

control group. The UH cannot simply serve 

as control to the AH. This is consistent with 

the observation that deafferentation in a body 

part elicits reorganizational changes in the 

sensorimotor cortex in both the contralateral 

and ipsilateral hemisphere.58 Bilateral cortical 

reorganizational changes have been described 

after acute limb deafferentation52 and in patients 

with non-painful phantom limb phenomena after 

upper extremity amputation.25 The mechanisms 

underlying these functional changes in both 

hemispheres were ascribed to changes in 

inhibitory transcallosal transmission.52 In the 

patient groups, significant power changes 

occurred in the middle stage around M70 after 

the anaesthetic block. In absence of the constant 

volley of impaired afferent information in patients 

with chronic neuropathic pain, central functional 

processes were reversible within 15 minutes even 

after years of chronic pain. Noteworthy, at M70 

after the anaesthetic block and in the pain free 

condition, the significant differences in GFP values 

between the UH and AH disappeared. The high 

GFP response in patient A-8 after the first block 

(Fig. 4A –green curve) is very interesting since it 

may reflect the cortical effects of sympathetic 

involvement in neuropathic pain.59 

Since there were no significant stimulation 

threshold differences in both groups after 

standard electrical median and ulnar nerve 

stimulation at all stages of the measurements, 

threshold differences did not contribute to the 

cortical evoked magnetic responses. The CWP 

inter- and intra-individual morphology differences 

of subjects and patients are supported by earlier 

work.56,60-62 CWP morphology and GFP curves, 

indicated that the peak latencies and number of 

peaks of the subject and patient groups were 

highly consistent in the first 90 ms post-stimulus 

period. Altered temporal processing of afferent 

information (facilitation) in this group of pain 

patients could not be demonstrated. Polarity 

reversals of the 3D brain maps mainly reflect 

change in dipole orientation and are an indication 

of spatial somatosensory processing. The first 

and second polarity reversals, consistently seen in 

the 3D maps in subjects and described earlier63, 

differed in the two groups. The significance of the 

finding that in the patient group, both reversals 

were less consistently observed and moreover 

at different latencies, is yet unknown. It may 

however indicate altered cortical processing in 

the patients. These findings in patients are in 

agreement with experimental changes described 

in brain maps due to PNI in animals.9,30,64,65

Dipole parameters at M20 and M30 indicated 

that there were few differences between subjects 

and patients at these latencies. The difference 

between the two hemispheres at M20 for the ulnar 

nerve in subjects (the ulnar M20 in the LH more 

posterior) was not found in patients. This was in 

contrast with a small magnetoencephalographic 

study where in a group of three patients after 

median or ulnar transection, enlarged dipole 

moments were found between the unaffected 

and affected side.66 For all patients after median 

and ulnar nerve stimulation, the M70 dipoles with 

a low residual error (< 6 %), before and after the 

anaesthetic block were located in the contralateral 

primary somatosensory cortex. The latency and 

position of these dipoles are in agreement with 

earlier studies on somatosensory processing 

in healthy subjects.67-70 At M70, no bilateral 

hemispherical dipolar activity was found in the 

present study after unilateral electrical stimulation 
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but occurred later (> 90 ms post stimulus). This 

agrees with other magnetoencephalographic 

studies71,72  and excludes involvement of the 

second somatosensory cortex.73,74 Finally, cortical 

interhemispheric differences after electrical 

nerve stimulation were quite symmetrical in the 

two hemispheres, making the interhemispheric 

differences non-dependent on age and gender.75,76  

We conclude that in patients with neuropathic 

pain due to nerve injury, major cortical changes 

measured by magnetoencephalography at M70, 

reside in the primary    somatosensory cortex and 

may represent altered activation in the affected 

but also unaffected hemisphere after peripheral 

median and ulnar nerve stimulation. The functional 

cortical changes in neuropathic pain, after the 

modulatory effects of an anaesthetic block, 

were found to be reversible. In these patients, an 

anaesthetic block can valuable for the study of 

contralateral activation in neuropathic pain using 

magnetoencephalography. PNI with neuropathic 

pain in humans, studied with non invasive 

diagnostic devices, may provide a pain model to 

study and monitor the effects of treatments.       
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A)   Subjects

Median

<  early  > <  middle  > <  late  >
M20 M30 M40 M50 M70 M90 M150 M180 M240

LH (number of peaks)
mean latency (ms)
s.d.

20 / 20 20 / 20 15 / 20 20 / 20 18 / 20 15 / 20 7 / 20 14 / 20
22.2 34.5 48.7 71.9 91.5 146.5 179.8 233.7
1.6 2.9 4.2 3.9 5.0 8.1 7.6 14.2

RH (number of peaks)
mean latency (ms)
s.d.

20 / 20 20 / 20 19 / 20 20 / 20 17 / 20 16 / 20 8 / 20 16 / 20
22.1 34.8 49.1 70.9 92.7 152.7 183.2 248.8
1.6 2.2 5.1 4.2 8.7 10.5 8.3 21.1

Ulnar
LH
mean latency (ms)
s.d.

<  early  > <  middle  > <  late  >
19 / 20 20 / 20 16 / 20 18 / 20 18 / 20 14 / 20 12 / 20 13 / 20
23.6 35.5 50.5 70.6 91.1 151.2 180.5 228.1
1.9 2.5 3.6 4.5 7.5 9.0 9,.4 21.6

RH
mean latency (ms)
s.d.

19 / 20 19 / 20 16 / 20 19 / 20 20 / 20 15 / 20 14 / 20 14 / 20
23.4 34.4 51.5 72.0 93.4 154.9 187.3 237.1
1.9 2.8 3.6 4.9 6.3 9.4 9.3 23.6

B)   PNI 

Median (10/20)
UH 
mean latency (ms)
s.d.

<  early  > <  middle  > <  late  >
M20 M30 M40 M50 M70 M90 M150 M180 M240

10 / 10 10 / 10 4 / 10 9 / 10 7 / 10 20 / 20 7 / 10 4 / 10 9 / 10
22.3 32.2 39.6 52.7 68.0 94.0 160.9 175.0 228.2
1.3 2,.4 2.4 4.7 7.5 8.6 6.7 3.8 16.8

AH 
mean latency (ms)
s.d.

10 / 10 10 / 10 4 / 10 8 / 10 9 / 10 20 / 20 7 / 10 5 / 10 6 / 10
22.6 32.0 40.8 50.7 70.2 98.2 158.9 188.0 237.3
1,.9 2.8 3.1 3.7 5.2 11.7 6.4 7.8 16.4

AH block
mean latency (ms)
s.d.

10 / 10 10 / 10 3 / 10 6 / 10 9 / 10 20 / 20 7 / 10 3 / 10 5 / 10
22.5 32.0 37.3 51.1 71.5 96.0 157.8 184.2 233.3
1.6 4.3 0.9 3.7 6.3 12.5 11.2 7.7 17.5

Ulnar    (10/20)
UH 
mean latency (ms)
s.d.

M20 M30 M40 M50 M70 M90 M150 M180 M240
<  early  > <  middle  > <  late  >

10 / 10 9 / 10 6 / 10 9 / 10 8 / 10 4 / 10 8 / 10 4 / 10 4 / 10
23.2 34.2 42.5 52.9 70.7 89.5 152.4 179.8 229.0
1.8 3.8 3.4 6.4 8.0 10,.3 11.4 6.3 19.7

AH 
mean latency (ms)
s.d.

10 / 10 10 / 10 8 / 10 9 / 10 10 / 10 7 / 10 8 / 10 2 / 10 1 / 10
22.0 32.5 39.8 50.2 67.7 93.9 153,.3 183.2 233.6
1.5 3.0 2,.6 2.8 4.2 10.2 9.3 8.7 6.8

AH block
mean latency (ms)
s.d.

10 / 10 9 / 10 8 / 10 8 / 10 8 / 10 6 / 10 9 / 10 4 / 10 4 / 10
22.4 31.7 40.8 52,1 70.7 90.2 155,.7 184.0 225.8
1.2 1.8 2.9 4.3 3.8 6.6 10.1 7.6 16.2

Supplementary Digital Content 1. Panel (A) depicts the incidences of the various peaks in the early, middle and late stage for Subjects 

(N=20) after electrical stimulation of the median and ulnar nerve. Also the mean latencies (milliseconds) and standard deviations (s.d.). 

After M150, for both nerves peaks are not as consistently observed as in the early and middle stage. Panel (B) for the Peripheral 

Nerve Injury (PNI) group after median (N=10) and ulnar nerve (N=10) stimulation. In the late stage, after median stimulation the M70 

and M150 peaks are more present compared to ulnar nerve stimulation. For the ulnar nerve, the M180 is relatively more frequently 

observed than the median nerve. For all panels the latency is in milliseconds (ms), the Effect.Size (E.S.) is a numerical value. E.S. is 

defined as the mean of the experimental group minus the mean of the control group and divided by the mean s.d.of the control group.
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Abstract

Complex Regional Pain Syndrome (CRPS) I and II 

are well known chronic pain syndromes. No 

objective tests are available to study the 

syndromes, which hampers the diagnosis 

and treatment. Cortically evoked responses 

were measured after standard electrical 

median and ulnar nerve stimulation using 

magnetoencephalography. Three groups were 

compared (a) 20 healthy subjects (b) 20 CRPS 

I and (c) 20 CRPS II patients. The responses 

studied were: peak latencies, number of peaks, 

compressed waveform profiles (CWP), global 

field power (GFP) curves and values, and six 

dipole characteristics. In the subject group, GFP 

curves as an indication of cortical activation were 

highly symmetrical for both nerves. In CRPS I, a 

significant decrease and in CRPS II an increase of 

GFP values was observed compared to subjects 

in the Affected Hemisphere (contralateral to 

the affected hand). In both patient groups 

the Unaffected Hemispheres were part of the 

cortical plasticity changes, decreased cortical 

activation presents a shrinkage of the activated 

somatosensory area compared to subjects. 

Significant latencies differences at M30 may 

indicate facilitation of nerve transmission and 

central processing. For all groups at 30 ms and 

70 ms post stimulus, major cortical activation 

was observed in the primary somatosensory 

cortex. Evoked magnetic responses offer an 

objective approach to study CRPS I and CPRS 

II. Since in both CRPS syndromes, a difference in 

cortical activation exists as compared to subjects 

measured under identical circumstances, the 

two syndromes may require a different treatment 

approach.  

INTRODUCTION

CRPS I and II are two well known chronic pain 

syndromes with comparable symptomatology1 

and may result in severe disability.2 There is 

accumulating evidence that in both syndromes, 

neuroanatomical3,4,5, neurochemical 6,7,8,9,10,11 , 

autonomic and adaptive functional changes occur 

along the neuraxis.12,13,14,15,16,17,18,19,20,21,22, 23,24,25

CRPS I is diagnostically still based on clinical 

symptoms which may change during the 

disease. In CRPS I symptoms like pain, edema, 

vasomotor and sudomotor disturbances may 

develop.26, 27,28, 29,30,31,32,33  Interestingly, peripheral 

neuropathological changes displaying abnormal 

thin fibre axons in skin and vascular bed were 

described in CRPS I34  and a genetic predisposition 

is suspected.35 Objective tests to diagnose CRPS 

I are still unavailable hampering proper diagnosis 

and treatment. 

CRPS II is caused by peripheral nerve injury 

(PNI), of e.g. the median or ulnar nerve but the 

incidence of CRPS II is relatively low, ranging from 

2 - 2,5%.36,37 PNI not necessarily results in CRPS 

II or neuropathic pain and may present less severe 

forms comparable to CRPS I.36 Neuropathic pain 

was recently redefined as, “pain arising as a direct 

consequence of a lesion or disease affecting the 

somatosensory nervous system.38 Even though 

CRPS II patients share comparable symptoms 

as CRPS I patients, their sensory profiles differed 

supporting the concept of different underlying 

mechanisms leading to chronic pain in PNI 

patients.3,39  Functionally, neuropathic pain in PNI 

may be due to abnormal peripheral input and/or 

abnormal central processing.40,41,42,43  Abnormal 

peripheral inputs may begin shortly after the 

nerve injury when ectopic discharges start to 

produce pain. This discharge may result from 

cross-talk with sympathetic fibres and produces 
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autonomic dysfunction.20,44 Adaptive cortical 

evoked responses after nerve injury in humans 

were described.14,45,46,47

This study compared the characteristics of 

evoked cortical fields, after standard electrical 

median or ulnar nerve stimulation in three groups: 

a healthy subject group (N=20) and two patient 

groups (each N=20) with either CRPS I or II and 

continuous pain, using magnetoencephalography 

(MEG). We hypothized that patients with CRPS I 

or II produce functional hemispherical differences, 

due to altered cortical processing of impaired 

afferent sensory information. Further, that these 

cortical functional effects might differentiate the 

two groups from healthy subjects. 

 

MATERIALS AND METHODS

All subjects and patients were adequately 

informed and gave their written consent. The 

study was approved by the Ethical Committee 

of the Medical Center Alkmaar (NH04-196) and 

the VU University Medical Center. The measuring 

setup in the subject and patient groups was 

identical. Taken the three groups together, a total 

of 184 measurements were performed.   

Subjects and patient groups

The healthy subject group was recruited from 

the hospital staffs and 80 measurements were 

performed. CRPS I patient group: twenty 

patients who met the CRPS I criteria based on 

the description by Bruehl and coworkers27 were 

included, and 40 measurements were performed. 

Continuous pain had to be present with a pain 

intensity of 5 or larger on the Verbal Rating Scale 

(VRS). In this group of patients no intervention 

was performed during the measurements. The 

choice between median or ulnar stimulation was 

based on the place of the initial trauma, e.g. after 

a metacarpal V fracture median nerve stimulation 

was chosen. 

CRPS II - PNI group. Twenty patients with a 

unilateral peripheral nerve injury (PNI) at the 

upper extremity were measured, after stimulation 

of the unaffected and affected hand. Stimulation 

was conducted on the nerve parallel to the 

injured nerve. No other neurological diseases 

were present that might bias study outcome. The 

patient group consisted of 5 male and 15 female 

patients, age was between 22 and 69 years (mean 

48.3 and s.d. ±14.7 years). Only patients with 

continuous pain and a pain duration of at least 

one year were included in the study. In all patients 

neuropathic pain was present between 1 and 25 

years (mean 5.7 s.d. ± 6.5 years). In 13 patients 

nerve injury (knife or glass) was assessed during 

surgical repair, during neurolysis (N=3) after a 

recurrent carpal tunnel syndrome (CTS), after 

M. de Quervain operation and neuroma forming 

(N=2) or after a metacarpal fracture with nerve 

injury (N=2). Nerve damage differed from nearly 

full transection to digital nerve injury. The VRS 

before the measurements ranged from mean 7.0 

and s.d. ± 1.0. Motor loss / weakness was present 

in all patients with major nerve injury and in the 

CTS group (N=8/20). In contrast to hyperalgesia 

and hypoaesthesia, allodynia was present in all 

patients. Autonomic dysfunction was present in 

half of the group, mostly a cold feeling.

  9
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MEASUREMENTS  

Standard electrical median and/or ulnar nerve 

stimulation was performed at the wrist with a bipolar 

electrode, the cathode proximal.48 In the subject 

group, nerve stimulation of the median and ulnar 

nerve of both hands was performed in a randomized 

way. The four nerves received a number, the left 

median nerve a “1” and the left ulnar a “2”, for the 

right nerves “3” and “4” respectively. The order 

of stimulation was randomized for each subject 

(i.e. 1, 4, 2 and 3). An electrical nerve stimulator 

PAIN (unrelated to the inciting event)  20/20

SYMPTOMS Sensory Reports of hyperalgesia

20 / 20

Vasomotor
Temperature 
asymmetry

Skin colour changes
Skin colour 
asymmetry 

18 / 20 15 / 20 15 / 20

Sudomotor / edema Edema Changes in sweating
Asymmetry in 
sweating

18 / 20 15 / 20 15 / 20

Motor / trophic Functio laesa

20 / 20

Weakness Tremor Dystonia

20 / 20 5 / 20 14 / 20

Trofic changes

Increased hairgrowth Increased nailgrowth Skin changes

 9 / 20 7 / 20 10 / 20

SIGNS Sensory Allodynia and / or hyperalgesia

20 / 20

Vasomotor
Temperature 
asymmetry

Skin colour changes
Skin colour 
asymmetry 

20/20 20/20 20/20

Sudomotor / edema Edema Changes in sweating
Asymmetry in 
sweating

19 / 20 14 / 20 13 / 20

Motor / trophic Functio laesa

20 / 20

Weakness Tremor Dystonia

20 / 20  5 / 20 12 / 20

Trofic changes

Increased hairgrowth Increased nailgrowth Skin changes

 9 / 20 6 / 20 8 / 20

Table 1. An overview is presented of the inclusion data for the CRPS I group (N=20). For the Symptoms and Signs incidences out of 

20 patients are presented.  
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(Grass, USA; model S48) was employed using a 

photoelectric stimulus isolation unit (Grass, USA; 

model SIU7). The stimulation current was pulsed, at 

a repetition rate of 2 Hz and with a pulse duration of 

0.2 ms. All subjects and patients were studied in a 

single session, lasting about 45 minutes. Between 

stimulations a resting period of 5-10 minutes was 

ensured. Stimulus intensity was tailored to the 

individual twitching level of each separate hand 

and reached a 1.5 x motor twitching level. The 

twitch threshold varied with the subject and was 

tolerated. Five hundred stimuli were recorded from 

each nerve, after 100 stimuli the position of the 

head to the helmet was electronically reassessed 

for accuracy. The peri-stimulus interval was 50-100 

ms pre-trigger and 400 ms post-trigger.

MEG Recordings

A CTF MedTech (Canada) 151-channel whole-

head system was used inside a 3-layer 

magnetically shielded room (Vacuum Schmeltze 

GmbH, Germany). The x, y and z coordinate 

system was based on the nasion, left and right ear. 

The coil locations (nose, right and left ear coils) 

were used to determine the distance between the 

head and the measurement system and gave rise 

to the axes system. Using the positions of these 

fiducials a head centred coordinate frame was 

defined. The (+) x-axis was directed to the nose, 

the (+) y-axis to the left ear and the (+) z-axis 

to the vertex. The system has a 5 cm baseline. 

Recordings were performed in the synthetic 3rd-

order gradient mode, using the manufacturer’s 

real-time software. All measurements were 

performed in the supine position. The MEG 

signals were sampled at 1250 Hz, triggered on the 

synchronization pulse of the electric stimulator. 

The peri-stimulus interval was 50 -100 ms pre-

trigger and 400 ms post-trigger. On-line filters 

were set at DC for high-pass and at 400 Hz (4th 

order Butterworth) for anti-aliasing low-pass. Off-

line the MEG data were screened for artefacts, 

averaged and DC-corrected using the pre-trigger 

interval to determine the recording offset. 

MRI registration

Brain MRIs were performed with a 1.5T 3d-MRI 

(Siemens Sonata). The following parameter 

settings were used: slice orientation sagittal, 

slice thickness 2 mm, FOV 256 mm, scan 

mode fl 3d, scan technique 20 magnitude, TR 

11.8 ms, echoes no. 1, TE 5 ms, flip angle 30 

degrees and contrast enhancement was applies. 

Lastly the number of signals averaged was 2, 

scan matrix 256, reconstruction matrix 256, 

TI 0 and frequency 63.6 MHz. The MEG-MRI 

common reference system was defined on the 

basis of three anatomical landmarks fixed on 

nasion, left and right pre-auricular points. The 

MRI scan planes were set parallel to the above 

defined localization coordinate system (vitamin 

E capsules, 5 mm of diameter on the same coil 

locations that were marked with a fibre-tip pen). 

In this way, we achieved superimpositions on MR 

images with a precision of 2-3 mm as previously 

shown by simulation with artificial ‘dipoles’ within 

a skull. The entire MRI procedure lasted about 30 

min. 

Compressed Waveform Profile (CWP)

A butterfly-like display is produced when the SEFs 

of all sensors are superimposed, the compressed 

waveform profile (CWP). It was used to identify 

the main peak latencies. In subjects, cortical 

responses in the Left Hemisphere are abbreviated 

as LH, in the Right Hemisphere as RH. In patients, 

UH and AH mean the hemispherical response 

after stimulation of the contralateral unaffected 

and affected extremity, respectively. The CWP 

demonstrates the individual characteristics of 

the brain dynamics of the sensory, motor and 

perceptual brain regions. In the time domain, 

somatosensory activities were divided into three 
  9
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different stages with peaks, an early (<50 ms), 

middle (50-90 ms), and late stage (90-400 ms). 

Peaks at various latencies are further indicated by 

the letter M for magnetic response, i.e. at 30 ms 

as M30 etc. 3D cortical maps were made for all 

subjects (LH and RH) and patients (UH and AH) at 

different peak latencies. 

  

Global Field Power (GFP)

The GFP expresses the spatial magnetic energy 

distribution during the whole timeframe of 

the measurement and reflects the underlying 

hemispherical neural activity at each time point 

and was produced for all 184 measurements.49  In 

MEG but also in EEG measurements50, the CWP 

and GFP are further used to identify major peak 

latency components. A peak was defined by an 

amplification factor (= post stimulus amplitude 

/ the prestimulus root mean square value as an 

indication of noise) > 3. In the temporal domain, 

hemispheric lateralization in timing of activation 

will be expressed in the peak latencies and may 

indicate a difference in transmission and / or 

activation time.51 

Equivalent Current Dipole (ECD) and Dipole 

Parameters

CTF software was used to model the equivalent 

current dipole (ECD) sources to MEG and for 

statistical analysis. The head was approximated 

with a spherical volume conductor. The 

conventional single equivalent current (moving) 

dipole analysis52,53 was used for the data 

evaluation. MEG data were co-registered with 

MR images using fiducial coils and vit. E markers. 

The head model was chosen to match the 

inner contour of the skull, matching was done 

visually. Peaks in the post stimulus 400 ms time 

window, with clear SEF deflections  (as judged by 

comparison of average and plus minus average 

signal amplitudes), were visually identified to 

select the cortical areas of interest for further 

analysis. At each of the peak latencies the dipole 

characteristics were determined. 

  

Data management and statistical analysis

This study was designed as an explorative study 

for the parameters that describe the cortical 

evoked differences between healthy subjects, 

CRPS I and CRPS II – PNI patients. Since no 

prior experimental and quantitative results as 

to the magnitude of the expected effects were 

available, a formal calculation of a prespecified 

power was not possible. Absence of an a priori 

power analysis indicates that negative statistical 

results have to be interpreted with caution since 

an existing difference may not be detected. 

Therefore posterior powers have been calculated 

where appropriate. Based on the low availability 

of PNI patients with continuing pain, groups of 

twenty subjects and patients were selected. 

Experimental design consisted in all cases of 

simple two-group comparisons. Statistical tests 

used were the independent groups t-test (or its 

non-parametric equivalent the Mann-Whitney 

rank sum test where appropriate) for between 

groups comparisons, and the paired t-test (or its 

non-parametric equivalent the Wilcoxon signed 

ranks test where appropriate) for within groups 

comparisons. A p-value less than 0.05 was 

considered as a statistically significant rejection 

of the null-hypothesis specified with two-tailed 

alternative hypotheses. Effect sizes and p-values 

are reported wherever relevant magnitudes of 

effects existed. Whereby:

Effect Size (E.S.) = mean experimental group – mean control group

 standard deviation control group

The effect size is a numerical way of expressing the 

strength or magnitude of a reported relationship, 

be it causal or not. An E.S. near 0.0 means that, 

on average, the experimental group and control 

group performed the same, a negative E.S., on 
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average, means that the control group performed 

better. A positive E.S. means that the experimental 

group performed better than the control group. 

The more effective the intervention, the higher 

the positive E.S. value. Statistical analysis was 

performed using SigmaStat 3.5v software (Systat 

Software, Inc. Point Richmond, CA, USA). Control 

for multiple testing was deemed unnecessary 

since in this explorative study no common 

hypothesis or theory covering two or more 

individual statistical tests was present. Control for 

the family wise error rate is important only when 

a conclusion based on several statistical tests is 

falsified, if at most one of the underlying tests is 

negative.44 Given the clinical significance of our 

results and the likelihood of an increase of type 

II errors, control for the family wise error rate, i.e. 

a Bonferroni correction, was not performed. Only 

contralateral hemispherical activity was analyzed 

in this study for comparison of the subject and 

patient groups. CTF (Port Coquitlam, Canada) 

software was used to model the single equivalent 

current dipole (ECD) sources and Advanced 

Neuro Technology software (ANT A/S, Enschede), 

The Netherlands for graphical display. 

RESULTS

Stimulus intensities under different study 

conditions

The stimulus intensities required for eliciting 

the twitches were analysed for all three groups. 

Stimulation thresholds producing a clear twitch 

in the subject and two patient groups were 

compared. No statistical significant differences 

were found after comparison within and between 

the three groups (p>0.05). 

CWP and peak consistency

The CWPs of the subjects and patient groups were 

studied for morphology, number of peaks and 

peak latencies. In Fig. 1, the CWPs of a subject 

after median (1A) and ulnar nerve (1B) stimulation, 

are presented. The median amplitudes are clearly 

larger than the ulnar ones in the first 90 ms post 

stimulus. Only those peaks displaying a dipolar 

field configuration were included for further 

analysis. 

 

Fig. 2AB. In the panels 2A and 2B, the CWPs of two 

patients with CRPS I are presented after median 

and ulnar nerve stimulation of the Unaffected 

Hemisphere (UH) and Affected Hemisphere 

(AH). Amplitude and morphology differences are 

clearly visible. Intra-individual less differences are 

present. The highest CWP peaks are identified in 

the first 90 ms post stimulus. CWPs have a rather 

qualitative value in comparison of individuals. 

The GFP of these two patients display power (in 

femtoTesla2) differences between the UH and the 

AH. For patient C-06 and  C-11, the major GFP 

peaks and differences between the UH and AH 

are clearly visible.    

In contrast to the GFP curves of subjects in Fig. 

Fig. 1. CWPs after median (1A) and ulnar nerve (1B) stimulation of a healthy subject (HC-02) of the LH and RH. Median amplitudes, 

especially in the first 90 ms post stimulus are larger compared to the ulnar ones. Vertical: the amplitude in fT and horizontal the time 

in milliseconds (MS). Time window is 400 ms post stimulus, amplitude scales are ± 400 fT. CWPs = Compressed Waveform Profiles; 

fT=femtoTesla; LH = Left hemispheres; RH = right hemisphere.

  9
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3A, the GFP in the AH for both patients display low 

values. The GFP curves in the UH of patient C-06 

but especially in patient C-11, are low compared 

to subjects. Major activation is observed in the 

first 100 ms post stimulus. 

Fig. 2CD depicts the CWPs and GFPs after 

median (2C) and ulnar nerve stimulation (2D) in 

two patients with a PNI. The CWPs presented 

several peaks, amplitude differences are visible 

in the 90 ms time window of major activation. 

Comparing the CWPs of all subjects and patients, 

large inter-individual differences were revealed 

but intra-individual differences were less.

Major GFP differences between the UH and AH 

are observed in the first 90 ms, large peaks at 

M30 and M70 are visible. In comparison with 

the GFP curves of the subjects in Fig. 3A, it is 

apparent that in the AHs of the two PNI patients, 

cortical activation is altered and displays relatively 

high values. 

SEF Peak Stages: number and latencies

The M20 and M30 peaks in the early stage were 

consistently seen in all groups. A M40 is only 

observed in patients, not in subjects. For the 

CRPS I group at 41.0 ms ± 1.3 ms, the PNI group 

at 39.2 ± 1.8 ms and the peaks in the middle 

stage (50 ms - 90 ms), further referred as M50 and 

M70, are present in all groups. In the late stage (> 

90 ms), apart from the M150 peak, late peaks are 

less frequently observed.  

Comparison of the major peak latencies within 

the three groups, from M20 to M90, no statistical 

significant differences were found except for the 

ulnar M30 in the subject group where transmission 

to the RH was faster (p = 0.005). Between the 

three groups (Healthy Subjects (HS) – CRPS I and 

CRPS II), the observed latency differences were 

as follows: 

(a)  At M30, peak latencies between the CRPS 

I group and HS, for the median and ulnar 

Fig. 2AB. The CWPs and GFPs of two patients with CRPS I are presented after median (2A) and ulnar (2B) nerve stimulation. In the 

GFP panels after median and ulnar nerve stimulation, responses in the UH are larger compared to the AH. Vertical is the amplitude in 

fT and horizontal the time in milliseconds (MS). AH = affected hemisphere; amplitude scales are ± 300 fT; fT=femtoTesla; power in fT2 

= femtoTesla2  in the GFP median and ulnar curves, the zero indicates the stimulation onset; time in the GFP panels is in milliseconds 

(MS); UH = Unaffected hemisphere.
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nerves, were significantly shorter for the CRPS 

I UH and AH groups compared to HS (p = < 

0.001 – p=0.006). At M70, the UH and AH 

peak latencies for both nerves did not differ 

compared to subjects. 

(b)  At M30, for the median nerve, in the CRPS II 

group and HS, the UH and AH, peak latencies 

were significantly shorter for the CRPS II group 

(p = 0.007 – 0.022). For the ulnar nerve, only 

transmission to the AH was faster. At M70, 

the UH peak latency was significantly shorter 

(p=0.033).   

(c)  At M30, CRPS I versus CRPS II: comparison 

of the UH/UH peak latencies revealed that for 

the median nerve, latency in CRPS I group was 

significantly shorter (p = 0.014) at M30, for the 

AH/AH no difference was found. For the ulnar 

nerve, at M30 UH/UH and AH/AH latencies 

were not different. The M70 latency did not 

differ for both groups.

Supplementary Digital Content 2 presents the 

incidences of the major peaks for the three 

groups. 

GFP curves of the three groups

For all three groups, the mean GFP curves, 

after median and ulnar nerve stimulation, were 

produced as an overlay plot. Subject group (Fig. 

3A left panels), black and red depict the median 

responses (N=20) and blue and green the ulnar 

responses (N=20). For the median and ulnar nerve 

in the first 90 ms post-stimulus, the M20 peak is 

relatively small but two major peak activations at 

M30 and M70 were found. Around M70 for both 

nerves major activity is observed, the median 

response is 4650 fT2 and the ulnar between 3808 

and 4193 fT2. At all times the median GFP curves 

were higher compared to the ulnar ones.  

CRPS I group: a different situation is found as 

depicted in the upper panels 

(Fig. 3B-C).  For the median group (N=12), the UH 

and AH curves are lower compared to subjects, 

Fig. 2CD. The CWPs and GFPs of two patients with a PNI are depicted. The top three panels (2C) after median nerve stimulation. 

The lower three panels (2D) after ulnar nerve stimulation. Vertical is the amplitude in fT (fT=femtoTesla) and horizontal the time in 

milliseconds (MS). AH = affected hemisphere; amplitude scales are ± 400 fT; power in femtoTesla2  in the GFP median and ulnar 

curves, the zero indicates the stimulation onset; time in the GFP panels is in milliseconds (MS); UH = Unaffected hemisphere.
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for the ulnar group (N=8) the UH is higher 

compared to the AH curve. For the median and 

ulnar nerve, UH and AH are lower compared to 

subjects. A M70 peak (Fig. 3B) is missing in the 

median group. 

CRPS II group: the GFP curves (Fig. 3D-E), after 

median (N=10) and ulnar (N=10) nerve stimulation, 

demonstrate a clear difference between the UH 

and the AH. For the median nerve, the mean 

GFP curve in the AH at M30 and M70 is higher 

compared to the UH. At this stage, mean GFP 

curves for patients remain lower compared to the 

subjects. The median and ulnar UH response in 

the CRPS II group is much lower compared to 

subjects. 

Statistical analysis of the GFP peak values at M30 

and M70

In Subjects, the M30 and M70 GFP peak values, 

for the median and ulnar nerves were statistically 

not different (paired t-test) and supported by the 

Effect Size data (Table 2A). 

CRPS I. At M30 and M70, no statistical 

differences were found between the UH and 

AH after stimulation of both nerves (Table 2B). 

Statistical analysis of the peak values (Table 2C) 

between subjects and patients revealed that the 

median M30 UH and AH were significantly smaller 

compared to subjects. At M70, the median UH 

and AH GFP values also were significantly smaller. 

Ulnar M30 values were not different compared to 

subjects. At the ulnar M70 GFP peak, values of 

the UH and AH, values were significantly smaller 

compared to subjects. 

CRPS II group. In the CRPS II group, GFP values at 

M70 between the UH and AH differed statistically 

for the median and ulnar nerve (Fig. 2C), AH peak 

values were significantly larger. 

Comparison of the GFP data with the subject 

data at M30 and M70 revealed that for the median 

and ulnar nerve, the UH was significantly smaller 

Fig. 3A-E depict the GFP curves after median and ulnar nerve stimulation for (Fig. 3A) the healthy subject group in the left top and 

lower panel; (Fig. 3B-C) after stimulation in the CRPS I group and (Fig. 3D-E) after stimulation in the PNI group. In the CRPS I group, 

GFP curves in the median group are comparable but in the ulnar group the UH curve is higher compared to the AH curve. In the 

CRPS II group, in the median and ulnar groups, the AH curves are higher compared to the UH curves. Power in femtoTesla2 (fT2) on 

the y-axis, time on the x-axis from 0 to 400 milliseconds (MS). 
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SUBJECTS
2A) Median nerve mean GFP values (Paired t-test)
Peaks M30 (fT2)  Peaks M70 (fT2)
LH (20/20) 5740,6 LH (20/20) 5701,3
s.d. 4954,1 s.d. 3814,6
RH (20/20) 5283,3 RH (20/20) 6720,5
s.d. 3137,7 s.d. 5086,5
diff. RH-LH1 -457,3 diff. RH-LH1 1019,2
Effect Size (E.S.) -0,09 E.S. 0,27
Ulnar nerve mean GFP values (Paired t-test)
Peaks M30 (fT2)  Peaks M70 (fT2)
LH  (18/20) 2585,1 LH (19/20) 4813,8
s.d. 2024,2 s.d. 4100,9
RH (20/20) 3031,4 RH (20/20) 5764,4
s.d. 2969,2 s.d. 5098,7
diff. RH-LH1 446,3 diff. RH-LH1 950,6
Effect Size (E.S.) 0,22 E.S. 0,23

CRPS I PATIENTS
2B) Median nerve mean GFP values (Paired t-test)
Peaks M30 (fT2) Peaks M70 (fT2)
UH (11/12)1 3445,0 UH (10/12)1 2574,8
s.d. 3619,2 s.d. 1887,2
AH (11/12) 2445,3 AH (11/12) 3040,5
s.d. 2302,0 s.d. 2224,6

Effect Size (E.S.) -0,28 E.S. 0,25

Ulnar nerve mean GFP values (Wilcoxon SRT)
Peaks M30 (fT2) Peaks M70 (fT2)
UH (8/8)1 2360,1 UH (8/8)1 3430,1
s.d. 2869,8 s.d. 5245,0
AH (8/8) 2135,5 AH (8/8) 2961,7
s.d. 3657,2 s.d. 4017,8

Effect Size (E.S.) -0,07 E.S. -0,08

2C)   SUBJECTS versus CRPS I
Median nerve mean GFP values (t-test / Mann Whitney RST)
Peaks M30 (fT2)  Peaks M70 (fT2)
Mean LH & RH1 5489,5 Mean LH & RH1 6210,9
mean s.d. 3412,1 mean s.d. 4095,7

UH (11/12) 3445,0 UH (10/12) 2574,8**
Effect Size (E.S.) -0,59 E.S. -0,89
AH (11/12) 2445,3** AH (11/12) 3040,5**
ES -0,89 E.S. -0,77

Ulnar nerve mean GFP values (t-test / Mann Whitney RST)
Peaks M30 (fT2)  Peaks M70 (fT2)
Mean LH & RH1 2808,2 Mean LH & RH1 5534,3
s.d. 2226,8 s.d. 3978,2

UH (8/8) 2360,1 UH (8/8) 3430,1**
Effect Size (E.S.) -0,14 E.S. -0,53
AH (8/8) 2135,5 AH (8/8) 2961,7**
Effect Size (E.S.) -0,30 E.S. -0,65

Table 2A presents the mean GFP value data 

at M30 and M70 after median and ulnar nerve 

stimulation in the subject group (N=20). LH 

represents the response in the Left hemisphere 

after right median nerve stimulation, RH after 

left median stimulation. S.d. is the standard 

deviation. The superscript 1  indicates that in the 

ES formula, the LH values were taken as control. 

Numbers between brackets present the number 

of subjects out of 20 for both nerves with a M30 

or M70 peak. GFP values are in fT2 (femtoTesla2).    

Table 2BC. Table 2B: in the CRPS I groups, 

numbers between brackets present the numbers 

of M30 or M70 peaks in each hemisphere. GFP 

value data, mean and standard deviations (s.d.) in 

the UH and AH for the median and ulnar nerve are 

presented. Effect size (E.S.) data were included, 

the UH1 indicates that the UH for both nerves in 

the E.S. formula was used as control. 

Table 2C presents the outcome of comparisons 

between the Subjects and CRPS I patients for 

both nerves at M30 and M70. In the E.S. formula, 

the mean LH and RH1 and s.d. was used as 

control. GFP values are in femtoTesla2. Numbers 

between brackets indicate the numbers of a M30 

or M70 peak out of the group. ** in light blue 

panels indicate statistical differences.
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CRPS II PATIENTS

2D) Median nerve mean GFP values (Paired t-test)

Peaks M30 (fT2) Peaks M70 (fT2)

UH (10/10) 2759,5 UH (9/10) 2826,4 **

Effect Size (E.S.) 0,17 E.S. 1,93

AH (9/10) 3532,0 AH (9/10) 5822,3 **

E.S. -0,08 E.S. -0,75

Ulnar nerve mean GFP values (Wilcoxon SRT)

Peaks M30 (fT2) Peaks M70 (fT2)

UH (10/10) 555,8 UH (10/10) 1875,4 **

Effect Size (E.S.) 0,66 E.S. 1,76

AH (10/10) 880,3 AH (10/10) 4750,2 **

E.S. 0,00 E.S. -0,22

SUBJECTS versus PATIENTS

2E) Median nerve mean GFP values (t-test / Mann Whitney RST)

Peaks M30 (fT2)  Peaks M70 (fT2)

Mean LH + RH1 5489,5 Mean LH + RH1 6210,9

s.d. 4101,0 s.d. 4461,1

UH (10/10) 2759,5** UH (9/10) 2826,4 **

Effect Size (E.S.) -0,67 E.S. 0,76

AH (9/10) 3532,0 AH (9/10) 5822,3

ES -0,48 E.S. -0,09

Ulnar nerve mean GFP values (t-test / Mann Whitney RST)

Peaks M30 (fT2)  Peaks M70 (fT2)

Mean LH + RH1 2737,1 Mean LH + RH1 5301,3

s.d. 2517,0 s.d. 4641,4

UH (10/10) 555,8** UH (9/10) 1875,4 **

Effect Size (E.S.) -0,87 E.S. -0,70

AH (9/10) 880,3** AH (9/10) 4750,2 

E.S. -0,74 E.S. -0,005

Table 2DE. In Table 2D the statistical results 

of the comparison of the GFP values 

between the CRPS II groups are presented 

at M30 and M70, in Fig. 2E between the PNI 

group and subjects. Effect size (E.S.) data 

were included, the superscript1 indicates 

that the mean LH & RH for both nerves in the 

E.S. formula was used as control. Numbers 

between brackets indicate the numbers of a 

M30 or M70 peak out of the group. ** in light 

blue panels indicate statistical differences.
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Fig. 4A. The brain maps of two CRPS I patients, C-01 and C-19, after median and ulnar nerve stimulation respectively, are presented 

in the 240 ms and 180 ms time window. In patient C-01, in the UH and AH, after the first polarity reversal between M20/M30, no 

second polarity reversal in the 240 ms time window in discernable. In patient C-19, in the UH and AH, the reversal pattern is highly 

irregular and peaks are missing. Both reversals, at M20/M30 and M70/M150 can be observed. The amplitude scale is depicted  in the 

first column and is between – 150 femtoTesla (fT) to + 150 fT. No response indicates that at that latency no peak has been identified. 

Fig. 4B. The brain maps of two CRPS II patients, A-8  and  A-7, after median and ulnar nerve stimulation respectively, are presented 

in the 240 ms and 180 ms time window. The amplitude scale is depicted in the first column and ranges from – 150 femtoTesla (fT) to 

+ 150 fT. In patient A-8 after median nerve stimulation, in the UH after the first polarity reversal between M20/M30, between M50/

M70 and M70/M150 a gradual reversal occurs with changes in orientation. In the AH, a first reversal between M20/M30 and a second 

between M70/M150 is observed. In patient A-7 after ulnar nerve stimulation in the UH, no first or second polarity reversal is observed. 

In the AH at M20/M30 a first reversal, and a second after M90/M150. The amplitude scale is depicted in the first column and is 

between – 150 femtoTesla (fT) to + 150 fT. No response indicates that at that latency no peak has been be identified. 
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Fig. 5A-C. In Fig. 5 the M30 and M70 dipoles are depicted for all three figures with the same color code: M30 and M70 in the left 

hemisphere in green and cyan respectively, in the right hemisphere the M30 and M70 are in yellow and red respectively. In Fig. 5A 

the ECD localizations at M30 and M70 of healthy subject HC-03 after median and ulnar nerve stimulation are depicted. In Fig. 5B the 

ECD localizations at M30 and M70 two CRPS I patients are presented after median (HC-15) and ulnar (HC-19) nerve stimulation. In 

Fig. 5C two patients of the CRPS II group after median (A-8) and ulnar (A-16) nerve stimulation. The nose is depicted and marks the 

( + ) x-axis. AH=affected Hemisphere; ECD=equivalent current dipole; LH=Left Hemisphere; M30=ECD at 30 ms; M70 the ECD at 70 

ms; RH=right hemisphere; UH=Unaffected Hemisphere.
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compared to subjects. The ulnar AH M30 value 

was also significantly smaller. Significant p-values 

were supported by ES data. 

Comparison between the three GFP value groups

The GFP value profiles between the three groups 

differ in various ways. Table 2A-C demonstrates 

that in the CRPS I group, GFP values in the UH 

and AH are statistically not different at M30 and 

M70. CRPS I versus subjects demonstrates that 

at M70, the UH and AH are significantly smaller 

compared to subjects. Retrograde power values 

did not alter significances. Table AD-E for the 

CRPS II group demonstrates that the GFP values 

of the UH compared to the AH at M70 for both 

nerves, are significantly smaller. Comparison 

with subjects demonstrates that for both nerves 

at M30 and M70, all four UHs are significantly 

smaller compared to subjects. Only the AH GFP 

values at M30 for the ulnar nerve are smaller 

compared to subjects. The median M30 AH and 

the median and ulnar M70 AH are not significantly 

different compared to subjects. 

3D Topography of SEFs

For all three groups brain maps were produced 

at the major peak latencies. The sequence of 

all brain maps exhibited a dynamic view of the 

cortical magnetic field changes in the 400 ms 

post stimulus time window. The first polarity 

reversal between M20 and M30 is consistently 

present in all groups. In a minority (3 /20) the 

reversal appeared between M30 – M50. The 

second polarity reversal in the subject group, for 

both nerves and both hands was found in 19 / 20 

subjects between M90 and M150. In the CRPS 

I and II group, the second reversal appeared 

earlier, or there was a third reversal or the reversal 

was absent. A much less consistent presence 

of the second reversal in both patient groups 

was observed. Fig. 4A depicts two examples of 

the CRPS I group after median and ulnar nerve 

stimulation in patients C-1 and C-19, respectively. 

Fig. 4B depicts of the CRPS II group, patients A-8 

and A-7 after median and ulnar nerve stimulation, 

respectively. Fig. 4A and 4B demonstrate, 

compared to healthy subjects, that brain dynamics 

in both CRPS groups differ with respect to number 

of polarity reversals, latency of the reversals and 

direction of the dipolar fields. 

Dipole characteristics 

Description of the dipole characteristics for all 

three groups focuses on the M30 and M70 dipole, 

only the dipoles presenting a low residual error 

(<7%) were included for further study. M70 dipoles 

still suffer from the fact that multiple dipoles are 

active at the same time and a reliable multi-dipole 

model is not yet available. Fig. 5 depicts the M30 

and M70 dipoles for a subject (5A), a CRPS I 

patient (5B) and a CRPS II (PNI) patient (5C). In 

Fig. 5A the M30 and M70 dipoles after median and 

ulnar stimulation are depicted in the LH and RH. 

The position at M30 and M70 in each hemisphere 

for the median nerve are reversed compared to 

the ulnar nerve. As can already be observed from 

the “axial pancake images”, while in the subjects 

groups M30 and M70 are closely positioned, in 

the CRPS groups there is wider variation.  

Supplementary Digital Content 3 presents the 

dipole data of three representatives of the Subject, 

CRPS I and CRPS II groups in Fig.5. Based on these 

data, at M30 and M70, dipoles were located in the 

primary somatosensory cortices after inspection 

of the saggital and coronal views. Residual errors 

(res.err) are presented in percentages, positions 

in millimeters, orientation in degrees and strength 

in nanoAmperemeter (nAm).

  9
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Position data, orientation and strength

At M30 and M70, dipole data were compared in 

and between the groups. 

Subjects: the M30 and M70 dipoles after median 

and ulnar stimulation were located in the primary 

somatosensory cortex. For the median and ulnar 

nerve, no significant dipole differences were found 

in the LH and RH. The median M30 dipole was 

anterior to the M70 dipole in the LH and RH, the 

reversed positions for the ulnar dipoles. CRPS I: at 

M30 and M70, for all dipole characteristics and for 

both nerves, no significant differences were found. 

CRPS II: comparison of the spatial positions of 

the UH and AH at M30 and M70, orientation and 

strength does not reveal a statistical difference 

for the median and ulnar nerves. Between 

groups: comparison of the subjects data with the 

CRPS I data for all six dipole characteristics, no 

significant differences were found. For the data 

between subjects and CRPS II, also no statistical 

differences were found. Dipole positions in the 

two patients groups demonstrated wider variation 

but dipoles with a low residual error were mainly 

located in the primary somatosensory cortex. At 

M70 for all three groups no ipsilateral activation 

was observed.   

 

DISCUSSION

The continuous flow of afferent sensory information 

influences somatotopy during developing and 

adult life in a dynamic way.54,55,56 Any change 

in input, both in animals and humans under 

physiological or pathological circumstances, will 

induce cortical plasticity, these mechanisms will 

last throughout human life span.57,58,59,60,61

In this study, interesting new differences were 

found in and between the CRPS type I and II 

patient groups compared to subjects in response 

to standard electrical nerve stimulation. The 

stimulation intensities to evoke a clear twitch in all 

three groups did not differ significantly, indicating 

that evoked responses were not affected by 

stimulation differences. 

The GFP curves

In healthy subjects, the GFP curves displaying 

the spatial magnetic energy distribution (area of 

cortical activation) after median and ulnar nerve 

stimulation are highly congruous in the 400 ms 

post stimulus time window, two major peaks at 

M30 and M70 are identified. At these two peaks 

of highest power, cortical activation is largest The 

median evoked curves are higher compared to the 

ulnar curves, possibly the result of a larger cortical 

presentation of the median nerve compared to 

the ulnar nerve. 

The distribution of cortical activation in the 

present study indicates that in the CRPS I and 

II groups, after long periods of continuous pain, 

cortically evoked activation changed compared 

to healthy subjects. For both groups, the UH and 

AH GFP curves are lower compared to subjects 

and indicate decreased cortical activation. The 

cortical responses in the UH indicate that the UH 

is part of hemispherical adaptive changes in these 

two pain syndromes. Therefore, the UH in these 
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two patients groups cannot simply be taken as 

control for the AH of each individual. The largest 

cortical changes are observed in the early and 

middle stage (0-90 ms). 

The UH / AH GFP curves of the CRPS I and II 

group differed. The AH curves in CRPS I and II 

patients were all lower compared to subjects, the 

median and ulnar evoked responses presented 

differences. In the CRPS I group, the ulnar UH 

curve is higher compared to the AH, for the 

median nerve  comparable. It suggests that in 

CRPS I, decreased cortical activation in the AH 

is balanced with a relatively higher UH activation, 

the AH curve at  M30 and M70 presents a large 

decrease in cortical activation. In CRPS II, the 

opposite is found. For both nerves the AH is 

higher compared to the UH. Possibly in the 

chronic state, peripheral injury (reflected in the 

AH) drives the contraleral hemispherical response 

but also the ipsilateral UH response is affected 

and is lower compared to the AH. 

The GFP values

In the subject groups, after median and ulnar 

nerve stimulation, at M30 and M70 no significant 

statistical differences were found which indicates 

comparable cortical activation which supports 

the morphology of the GFP curves. In the CRPS 

I group, the UH and AH GFP values at M30 and 

M70, present statistically comparable values. 

Compared to subjects however, for the median 

nerve at M30 and M70 and for the ulnar nerve at 

M70, the UH and AH GFP values are significantly 

smaller. This implies for the CRPS I group that 

the UH and AH present a significant shrinkage of 

evoked cortical activation compared to subjects. 

In the CRPS II group, at M30 and M70, the AH 

GFP values for the median nerve were significantly 

larger compared to the UH values, for the ulnar 

nerve only at M70. This indicates altered cortical 

activation at these two major areas of cortical 

activation. Compared to subjects, in these 

patients the UH and AH demonstrated decreased 

activation. Therefore, in the CRPS II group in 

contrast to the CRPS I group, cortical activation in 

the AH is significantly larger compared to the UH. 

Involvement of the UH in this study of both 

CRPS groups is an intriguing observation. The 

UH responses for both patient groups are lower 

for both nerves compared to healthy subjects. 

The GFP value differences at M30 and M70, 

largest areas of cortical activation, support these 

differences. It indicates that the UH in a patient 

with a unilateral affected upper extremity, is 

part of the functional cortical plasticity changes 

in the AH. Interhemispheric processing of 

somatosensory information was described in 

animals62,63 and human studies 64,65,66,67,68 and it 

was concluded that global sensory processing 

was created by combining activity in each 

cerebral hemisphere through the corpus callosum. 

Whereby at this higher cortical level of integration, 

the flow of afferent information to the cortices 

is continuously balanced by inhibitory and/

or excitatory interhemispheric somatosensory 

processing. This can result from adjusting the 

responsiveness of ascending sensory pathways, 

and includes altered interhemispheric transfer 

of callosal information: the periphery drives 

the cortical responses.66,68,69,70  It indicates that 

adaptations to the interhemispheric transfer of 

information in humans is part of cortical plasticity 

mechanisms.69,70  

Since the somatosensory and motor cortex 

are anatomically interconnected54, altered 

somatosensory inputs will affect sensory-motor 

coupling. This may offer an explanation for 

dystonia found in CRPS. 

The data at the group level in the present study 

suggest that balancing the somatosensory 

inputs in order to maintain the body schema 
  9
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as in CRPS patients, includes changes in 

interhemispheric information processing which 

is supported by human studies.63,64,65,66 Changes 

in callosal processing can be expressed in 

latency differences at comparable peaks. Study 

of the latency differences between the groups 

demonstrated that at M30 in the CRPS I group, 

median and ulnar peak latencies were significantly 

shorter compared to subjects but not at M70. 

This was to some extent present at M30 in CRPS 

II, only for the median nerve. Therefore, some 

indication of facilitation of nerve transmission is 

present in both groups but limited at M30 for the 

median nerve. 

There is still debate on the true difference between 

CRPS I and II. In recent studies, evidence was 

presented for abnormal thin caliber NF positive/

MBP-negative axons innervating hair follicles 

and a decrease in epidermal, sweat gland 

and vascular innervation in CRPS I.2,4,5 These 

findings may relate to the complete functional 

loss of cutaneous sympathetic vasoconstrictor 

activity.71,72 The question remains whether these 

neuropathological changes refer to a common 

cause (peripheral nerve injury) for both syndromes 

and whether in CRPS I these changes are primary 

or secondary. It also raises the question whether 

nerve injury of very small peripheral fibres, which 

are difficult to diagnose, is able to set into motion 

the cascade of changes that are observed in 

CRPS I. Bilateral involvement of the hemispheres 

in order to maintain the body schema67,68, as 

demonstrated in this study, may alter physical 

training and rehabilitation strategies. Or the 

study of the cortical effects of medication that 

influence interhemispheric transmission. In CRPS 

II, reducing the drive of impaired inputs to the AH, 

due to the nerve injury, is directed at reducing 

pain and peripheral and central sensitization70 

as is performed by using electrical spinal cord 

stimulation. In short: the present study suggest 

that in CRPS I,  relatively decreased impaired 

afferent inputs are balanced with the UH. In CRPS 

II, relatively increased impaired inputs are equally 

balanced. For this reason, therapeutic strategies 

will differ.     

Conclusion

The changes in cortical activation in CRPS I and II, 

after standard median and ulnar nerve stimulation, 

demonstrate differences in cortical activation that 

indicate plasticity changes. Cortical reorganization 

in this study was best monitored using the GFP. In 

CRPS I, in the UH and AH relatively decreased 

cortical activation was found, as indicated by the 

GFP curves and values. In CRPS II the reversed 

situation was found, AH activation was larger 

compared to the UH. Involvement of the UH may 

indicate that in both pain syndromes, bilateral 

compensatory mechanisms are operational 

probably through altered inter-hemispherical 

information processing. At the individual and 

group level, non-invasive imaging techniques like 

magnetoencephalography and using standard 

electrical stimulation may further elucidate the 

mechanisms operational in CRPS I and II and 

facilitate effective treatment.73 
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Patient age sex injured 
nerve

etiology & operation Number* Onset of pain pain 
dura-
tion 
(years)

A-1 35 F median 
nerve 

glass wound wrist, subtotally 
transected

3 immediately after 
trauma

4

A-2 43 M radial 
nerve 

sharp trauma, wrist,secondary 
entrapment correction

3 immediately after 
suture

3

A-3 47 M median 
nerve 

glass wound, total transection, 
median repair 

1 2-3 months after 
injury

7

A-4 54 M median 
nerve

glass wound, primary suture, 
neuroma removal 

2 few weeks later 9

A-5 29 F radial 
nerve 

3 x ganglion operation at wrist, 
radial nerve neuroma 

1 few weeks later 10

A-6 30 F median 
nerve 

glass wound, 50% transection 2 1 month later 1

A-7 63 F radial 
nerve

de Quervain, wrist, nerve branch 
transection, neurolysis 

4 immediately after 
operation

22

A-8 22 F ulnar 
nerve 

blunt trauma, ulnar transposition 
right

2 before 1st  
operation 

3

A-9 49 M radial 
nerve 

sharp trauma: neurolysis right 
hand

2 2 months 3

A-10 61 F radial 
nerve 

de Quervain, wrist, pain and 
sensory loss

1 immediately after 
operation

1

A-11 55 M ulnar 
nerve 

neurinoma excision above elbow, 
infection wound

3 before 1st  
operation 

4

A-12 63 F radial 
nerve 

de Quervain, wrist, radial nerve 
branch entrapment

5 immediately after 
operation

25

A-13 69 F digit II 
nerve

neuroma excision twice 2 immediately after 
operation

2

A-14 67 F digit V 
nerve

metacarpal fracture, neuroma 
forming digital nerve

2 immediately after 
operation

3

A-15 53 F median 
nerve

CTS operation 1 before 1st  
operation 

4

A-16 60 F digit II 
nerve

matacarpal fracture, sensory loss 
and pain

0 within weeks 2

A-17 48 F median 
nerve 

CTS operation 1 before 1st  
operation 

4

A-18 49 F digit II 
nerve

digital nerve, local exploration 
and infection

1 before 1st  
operation 

2

A-19 36 F ulnar 
nerve

knife wound at wrist 2 immediately after 
operation

4

A-20 25 F digit II 
nerve

knife wound at butchery 1 within weeks 2

Supplementary Digital Content 1 presents an overview of the demographic data of the patients included in the CRPS II group. 

The column “Number” presents the number of operations for each patients. 
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A)   SUBJECTS <   early   > <             middle            > <            late                  >
M20 M30 M40 M50 M70 M90 M150 M180 M240

Median
LH 20 / 20 20 / 20 15 / 20 20 / 20 18 / 20 15 / 20 7 / 20 14 / 20
RH 20 / 20 20 / 20 19 / 20 20 / 20 17 / 20 16 / 20 8 / 20 16 / 20

Ulnar <        early   > <             middle            > <            late                  >
LH 19 / 20 20 / 20 16 / 20 18 / 20 18 / 20 14 / 20 12 / 20 13 / 20
RH 19 / 20 19 / 20 16 / 20 19 / 20 20 / 20 15 / 20 14 / 20 14 / 20

B)  CRPS I <        early   > <             middle            > <            late                  >
M20 M30 M40 M50 M70 M90 M150 M180 M240

Median (12/20)
UH 12/12 10/12 8/12 11/12 8/12 10/12 10/12 6/12 7/12
AH 12/12 10/12 8/12 8/12 10/12 10/12 11/12 8/12 6/12

Ulnar    (8/20) <        early   > <             middle            > <            late                  >
UH 8/8 7/8 4/8 5/8 7/8 8/8 4/8 3/8 3/8
AH 8/8 7/8 7/8 4/8 7/8 6/8 5/8 3/8 4/8

C)  CRPS II <        early   > <             middle            > <                            late                  >
M20 M30 M40 M50 M70 M90 M150 M180 M240

Median (10/20)
UH 10 / 10 10 / 10 4 / 10 9 / 10 7 / 10 20 / 20 7 / 10 4 / 10 9 / 10
AH 10 / 10 10 / 10 4 / 10 8 / 10 9 / 10 20 / 20 7 / 10 5 / 10 6 / 10

M20 M30 M40 M50 M70 M90 M150 M180 M240
Ulnar (10/20) <        early   > <             middle            > <                             late                  >
UH 10 / 10 9 / 10 6 / 10 9 / 10 8 / 10 4 / 10 8 / 10 4 / 10 4 / 10
AH 10 / 10 10 / 10 8 / 10 9 / 10 10 / 10 7 / 10 8 / 10 2 / 10 1 / 10

Supplementary Digital Content 2 presents for the three groups the incidences of the peaks in the 240 millisecond post stimulus time 

frame for both hemispheres.
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HC-03

MED M30 res. err. lat.(ms) x (mm) y (mm) z (mm) declin. azimuth strength
LH 5,6% 31,2 5,4 44,3 83,5 102,8 158,9 30,4
RH 3,8% 32,0 -3,6 -38,4 80,1 117,6 204,2 27,7

M70 res.err.
LH 4,6% 70,4 -1,6 40,3 82,0 100,1 172,3 36,2
RH 6,7% 71,2 -8,6 -43,2 78,8 120,1 196,8 21,4
ULN x (mm) y (mm) z (mm) declin. azimuth strength
LH 5,2% 29,6 -1,6 38,6 80,2 103,1 168,7 39,6
RH 5,5% 28,8 -2,6 35,2 81,4 109,4 197,1 30,3

M70 res.err.
LH 1,9% 64,8 0,0 40,0 84,6 100,9 156,9 37,4
RH 2,8% 64,4 1,9 -39,3 83,6 116,7 212,7 32,4

CRPS I
MED C-15 M30 res. err. lat.(ms) x (mm) y (mm) z (mm) declin. azimuth strength (nAm)
UH 3,34% 25,6 -17,8 -39,1 76,0 94,7 210,7 18,7
AH 6,10% 30,4 11,9 36,4 79,1 86,2 166,4 10,8

M70 res.err.
UH 6,6% 60,8 12,8 -46,7 77,1 117,1 226,0 24,2
AH 6,5% 60,8 8,7 45,2 78,5 114,6 140,9 25,6

ULN C-19 M30 res. err. lat.(ms) x (mm) y (mm) z (mm) declin. azimuth strength (nAm)
UH 4,1% 33,6 -0,0 -26,6 75,1 104,25 176,84 39,21
AH 10,4% 30,4 1,1 23,5 80,9 106,4 173,7 19,3

M70 res.err.
UH 4,0% 75,2 -0,0 -37,4 78,7 114,39 191,25 58,53
AH 6,9% 73,6 -6,3 40,2 79,9 133,0 150,4 36,9

CRPS II
MED A-8 M30 res. err. lat.(ms) x (mm) y (mm) z (mm) declin. azimuth strength (nAm)
UH 2,9 31,2 10,4 -43,0 73,8 114,4 207,7 56,4
AH 3,8% 34,4 2,9 36,5 82,3 93,2 172,7 52,8

M70 res.err.
UH 4,2% 65,6 9,5 -39,2 75,5 113,27 209,35 32,9
AH 5,0% 66,4 1,4 32,4 85,6 103,55 162,13 29,5

ULN A-16 M30 res. err. lat.(ms) x (mm) y (mm) z (mm) declin. azimuth strength (nAm)
UH 6,6% 25,6 3,7 -30,1 91,8 92,6 181,0 9,2
AH 3,2% 33,6 -0,7 40,6 88,6 96,0 23,3 12,1

M70 res.err.
UH 4,83% 70,4 -10,6 42,3 83,5 115,4 183,6 30,9
AH 5,27% 70,4 11,3 38,8 93,6 109,0 179,8 35,9

Supplementary Digital Content 3 presents an overview of the dipole characteristics of a healthy subject, and two patients from the 

CRPS I and II group. Of each group at the M30 and M70 ECD after median and ulnar nerve stimulation. AH=Affected Hemisphere; 

azimuth= azimuth in degrees; decline.=declination in degrees; lat (ms)= the peak latency in milliseconds; LH=Left Hemisphere; MED= 

values after median nerve stimulation; res. err=residual error; RH=Right Hemisphere; Strength= strength in nanoAmperemeter (nAm); 

UH=Unaffected Hemisphere; x, y and z are the dipole positions in millimeter; ULN= values after ulnar nerve stimulation; 
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The general aim of this study was to investigate 

the cortically evoked responses after standard 

electrical median and ulnar nerve stimulation in 

two patient groups with either a type I or a type II 

Complex Regional Pain Syndrome (CRPS) and to 

compare the results with those in healthy subjects 

using identical measuring procedures. 

Chapter 2 presents the relevant neuroanatomy 

and functional neuroplasticity changes. 

Chapter 3 provides the backgrounds of 

magnetoencephalography (MEG), dipole 

localization and human cortical brain mapping. 

To answer the general research question of this 

study, five specific investigations were executed, 

which are presented in Chapters 4 to 9. In chapter 

10, the 5 specific investigations are discussed 

and conclusions are drawn. 

Investigation I: to examine the stability and 

repeatability of evoked responses after standard 

electrical median, ulnar and posterior tibial nerve 

stimulation in the cortex of the brain in two studies 

of patients with a unilateral peripheral nerve injury 

and neuropathic pain. 

It was hypothized that if abnormal peripheral 

and/or central inputs are an underlying cause in 

neuropathic pain resulting in central sensitization 

(Woolf, 1993), we would find evidence for this 

on the cortex. With the use of a 19-channel 

MEG and a 34-channel EEG (Twente University), 

the cortically evoked responses after standard 

electrical median, ulnar or posterior tibial nerve 

stimulation were measured in a group of eight 

patients with continuous neuropathic pain due to 

a unilateral peripheral nerve injury (arm or leg). All 

the patients were measured when in pain and in 

pain-free condition. When the patient was in pain, 

the cortically evoked responses demonstrated 

that an amplitude enhancement occurred in 

the affected hemisphere (AH), in contrast to the 

unaffected hemisphere (UH), between 80-150 

ms post stimulus. In the pain free condition after 

Spinal Cord Stimulation (SCS), the enhancement 

rapidly decreased. We were first to demonstrate 

the pain blocking effects of SCS on the cortex 

(Theuvenet et al., 1999). In 3/8 patients, these 

MEG measurements were repeated after a longer 

period of SCS (1-12 months) using EEG, since 

the noise due to the pulse generator prevented 

the use of MEG. It was found that in the pain-free 

condition after SCS, the functionally enhanced 

cortical responses in the AH decreased (Chapter 

4), confirming the stability and reversibility of 

cortically evoked responses in this group of 

patients. In a similar group of eight patients the 

measurements were repeated at the MEG center 

(Amsterdam) with a 151-channel whole-head 

MEG system. Instead of the SCS used in the pilot 

phase at Twente University, a local anesthetic was 

applied at the painful site to block the pain. Again 

the cortical differences between the AH and UH 

were observed, which decreased after a local 

anesthetic block (part of Chapter 8). 

In conclusion, the observation proved consistent 

that cortically evoked responses in patients with 

neuropathic pain changed in a reproducible way 

when the pain was blocked (by SCS or a local 

anesthetic block). This finding initiated the main 

study.         

Investigation II: to study the characteristics 

of the cortically evoked magnetic responses in 

healthy subjects after electrical median and ulnar 

nerve stimulation as a frame of reference for the 

measurements in the two patient groups. 

Cortically evoked magnetic responses were 

studied in 20 healthy subjects using a whole-head 

151-channel MEG. Standard electrical median 

and ulnar nerve stimulation was performed in a 

randomized way. The parameters studied were: 

number of peaks, peak latencies, compressed 

waveform profiles (CWP), global field power (GFP), 
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3D-brain maps, and six equivalent current dipole 

(ECD) characteristics (3 location, 2 orientation 

and strength). 

After median and ulnar nerve stimulation, 

cortically evoked responses revealed a number 

of characteristics in the 400 ms post stimulus. 

The number of peaks (6-8) and peak latencies in 

the 400 ms post stimulus were highly consistent 

for the median and ulnar nerve. At the inter-

individual level for both groups, wide variation in 

CWPs was observed, which limits the use of the 

CWPs for peak number and latency identification. 

Transmission at the M20 peak after median nerve 

stimulation was significantly faster than after 

ulnar stimulation (p<0.001). As for the position 

parameters, the median dipole displayed a more 

anterior (x-axis), more lateral (y-axis) and inferior 

(z-axis) position than the ulnar dipole. This was 

found for both the M20 and M30 dipole, which 

corresponds with the somatosensory anatomy 

of the homunculus. The interpolar distances over 

the cortex between both nerves at M20 were 

calculated to be at 11.17 mm ± 4.93 after right 

hand stimulation and 16.73 mm ± 5.66 after left 

hand stimulation. Dipole strengths of the median 

dipoles were larger at M20 and M30 than those of 

the ulnar dipoles. 

In the 400 ms post stimulus period, 3D brain 

maps of all the identified peaks for both nerves 

displayed a highly consistent pattern, which is 

supported in the literature by several other MEG 

studies (e.g. Hari et al., 1984; 1 Rossini et al., 

1994; Vanni et al., 1996; Hari and Forss, 1999; 

Kakigi et al., 2000; Tecchio et al., 2000; Huttunen 

et al., 2006). Two polarity reversals were observed 

(M20/M30 and M90/M150) for both nerves. GFP 

curves, which display the spatial cortical magnetic 

energy distribution during 400 ms post stimulus 

and reflect underlying neural activity at each time 

point, were observed to be highly congruous for 

the median and ulnar nerve, although the median 

nerve displayed higher power than the ulnar nerve. 

Two major peaks were found, at M30 and M70. 

Based on the ECDs at M30 and M70, with a low 

residual error, neural sources for both nerves were 

positioned in the primary somatosensory cortex 

(SI). This indicates that somatosensory processing 

in SI takes place in the early and middle stage of 

the response (20-90 ms). No evidence was found 

for complete interhemispherical homology or 

sensory hand dominance in brain responses of 

either hand, as measured by MEG (Chapter 6 and 

7). 

In conclusion, in healthy subjects, the cortically 

evoked responses after standard electrical nerve 

stimulation revealed a high consistency of the 

responses. The results of this second investigation 

in healthy subjects provide a frame of reference for 

evaluating cortical changes in functional disorder 

and disease sequelae.  

Investigation III: to examine the characteristics 

of the cortically evoked responses in two patient 

groups: CRPS I and CRPS II.

The cortically evoked magnetic responses in 

CRPS I and II patients with unilateral chronic 

pain in an upper extremity were compared on the 

basis of ten characteristic response parameters 

(Chapter 8 and 9). At the interindividual level 

for both groups, large variations in CWPs were 

observed, which limits the use of the CWPs for 

peak number and latency identification. Based 

on the GFP curves and values for median and 

ulnar nerve stimulation, it was found that cortical 

activation profiles differed for the CRPS I and II 

groups. In the CRPS I group, cortical activation 

in the AH was smaller than or comparable to 

cortical activation in the UH. In the CRPS II group, 

activation in the AH was significantly larger than in 

the UH for both nerves. This finding indicates that 

at the group level, a functional cortical difference 

is observed between CRPS I and II. In CRPS I, 

in contrast to CRPS II, a decrease of afferent 

somatosensory inputs to the AH may be present, 
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or inputs may be altered due to modulation (e.g. 

descending inhibition), or both. . This is supported 

by the fact that the CRPS II AH GFP value for the 

median nerve at M70 was significantly larger than 

the CRPS I UH and AH GFP value. 

Compared with CRPS II, the peak latencies at 

M30 after median nerve stimulation of the UHs 

were significantly shorter in the CRPS I group, 

indicating faster transmission. At M70, no 

significant differences were observed for both 

nerves and both syndromes. At the M30 and M70 

peaks for both patient groups, the ECDs with a 

low residual error were mainly localized in SI. After 

nerve stimulation, dipolar fields at M70 depicted 

contralateral activation only, excluding ipsilateral 

activation in SII. 

Based on the GFP curves in the present study, 

our data suggest that SII is not the major site of 

change of activation. Brain maps depicted irregular 

patterns of cortical activation at all the identified 

peaks for both groups and both nerves. First and 

second polarity reversals appeared later, earlier or 

not at all. This suggests altered somatosensory 

processing in both patient groups. The generators 

of the second polarity reversal at M90/M150 are 

hard to localize, because the required source 

model does not have a stable inverse solution. 

In the CRPS II group only (Chapter 8), 

measurements were repeated in the pain free state 

after a local anesthetic block (Theuvenet et al., 

2011). After the block and in pain free condition, 

the GFP value differences for both nerves 

between the UH and AH at M70 disappeared 

(UH-AH block). In the CRPS II group, the altered 

cortical responses in the AH in the pain free state 

suggest a rapid reversibility of the functional 

cortical plasticity changes. 

In conclusion, cortically evoked responses in 

CRPS I and II demonstrated different profiles 

in the spatial distribution of cortically evoked 

activation, and in both syndromes evidence 

for cortical plasticity was found. In the CRPS 

II group, the interhemispheric differences in 

pain and in pain-free condition indicate cortical 

functional reversibility even after many years of 

chronic neuropathic pain. These changes were 

comparable to the first observations presented in 

Chapter 4.  

Investigation IV: to compare the characteristics 

of the three groups: (a) healthy subjects; (b) CRPS 

I patients and (c) CRPS II patients. 

Comparison of the stimulation threshold 

intensities across the three groups at all stages 

of the measurements demonstrated no significant 

differences. This implies that the cortically evoked 

response differences cannot be ascribed to 

stimulation differences. 

In contrast to healthy subjects, CRPS I and CPRS 

II patients presented bilateral altered cortically 

evoked responses in the early and middle stages 

after standard electrical nerve stimulation (0-90 

ms post stimulus), which were located in SI. At 

M30 and M70 in CRPS I and II, and compared 

to healthy subjects, GFP differences in cortical 

activation were observed in the AH. After median 

and ulnar nerve stimulation, the UH and AH GFP 

values in CRPS I were both significantly lower 

than in healthy subjects. In CRPS II, the UH 

GFP values were also significantly lower than in 

healthy subjects, but the AH values did not differ 

significantly. In both patient groups, the cortical 

changes in the UH and AH indicate cortical 

plasticity changes. No specific pain intervention 

for the CRPS I group was employed in this 

investigation. 

At M30, significant peak latency differences were 

found between healthy subjects and both CRPS 

groups: in patients, the peak latencies were 

shorter in the UH and AH. At M70, only the UH of 

the CRPS II group showed a significantly shorter 

latency than the one found in healthy subjects. A 

lower peak latency in CRPS patients may indicate 

faster transmission to the cortex. As was pointed 
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out in the third investigation, brain maps at all 

the identified peaks for both patient groups and 

both nerves depicted irregular patterns of cortical 

activation, in contrast to healthy subjects, and 

first and second polarity reversals appeared later, 

earlier or not at all. 

In conclusion, cortically evoked plasticity 

changes dominate the responses in CRPS I and 

II. GFP value differences in the early and middle 

stages characterized these changes. Altered 

patterns of 3D brain mapping in the two patient 

groups support these observations. There is 

evidence for faster transmission to the cortex, 

which may indicate facilitation of transmission.  

Investigation V: to assess the functional cortical 

differences between the three groups and to 

determine whether different cortical profiles exist. 

In healthy subjects, highly congruous distribution 

of cortical activation occurred in the 400 ms post-

stimulus time window after electrical stimulation 

of the median and ulnar nerve, displaying two 

major areas of cortical activation at M30 and M70 

in both hemispheres. This is in contrast with CRPS 

I and II, where, in the chronic pain state, both 

hemispheres were involved in cortical plasticity 

changes, and both displayed bilateral changes. 

In CRPS I, the cortically evoked responses after 

ulnar nerve stimulation were smaller in the AH than 

in the UH, whereas for median nerve stimulation 

this was less obvious. In CRPS II the opposite 

situation occured (Chapter 9), as responses at 

M70 in the AH were significantly larger than in the 

UH. Significantly decreased cortical activation in 

CRPS I and II compared with healthy subjects 

suggests decreased or modulated afferent 

somatosensory inputs along the neuraxis, or 

compensatory effects to these impaired inputs 

by altered interhemispheric transmission, or both 

(Hummel et al., 2005). 

In the CRPS II group, a local anesthetic block was 

applied to test the changes in the AH (Chapter 

8). In the pain-free condition after the block, a 

significant functional reduction of the cortical 

response in the AH was found. No intervention 

in the CRPS I group was employed in our study. 

In a MEG study of CRPS I patients with pain, a 

functionally significant shrunken hand area of the 

cortical hand representation was found in the AH, 

using air-puff-derived tactile finger stimulation 

(Maihöfner et al., 2003). In a second study 

employing the same finger-stimulation technique, 

pain interventions were performed using 

NSAIDs (non-steroidal anti-inflammatory drugs), 

amitryptiline and gabapentine (Chapter 9). After 

clinical improvement and pain reduction, cortical 

plasticity changes in the AH were reversible. The 

cortical reorganizational parameter that correlated 

best with the changes in cortical plasticity was the 

presence or absence of pain. However, functional 

restoration of the shrunken somatosensory hand 

area in CRPS I patients was observed after effective 

pain therapy (Maihöfner et al., 2004). In contrast 

with our present study, both studies by Maihöfner 

and coworkers included a comparison with the 

patients’ UH, but not with healthy subjects. In 

our study, bilateral cortically evoked responses in 

CRPS I and II, in the UH and AH, were observed, 

which presented cortical plasticity changes in 

response to the disease. Therefore, the definition 

of the UH in the present study, the “evoked 

responses in the hemisphere contralateral to 

the unaffected extremity after electrical nerve 

stimulation”, defines the hemisphere but does not 

exclude plasticity changes in the course of CRPS. 

In conclusion, in healthy subjects highly congruous 

activation has been found after electrical median 

and ulnar nerve stimulation in the early and middle 

stage. CRPS I and II both demonstrated cortical 

plasticity changes as observed in the GFP curves 

and values at M30 and M70, basically in the same 

time frame as in healthy subjects. Unlike healthy 

subjects, both patient groups showed evidence 

of faster transmission at M30 in the UH and AH 
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for the median and ulnar nerve. In the UH at M30, 

transmission in the CRPS I group was significantly 

faster.  

General conclusions, theoretical 

considerations and future perspectives

General conclusions

This study presents the first systematic evaluation 

and comparison of cortically evoked responses 

after standard electrical median and ulnar nerve 

stimulation in Complex Regional Pain Syndrome I 

and II, using MEG. Moreover, unlike several related 

publications in this field, our results are compared 

with a group of healthy subjects measured under 

identical conditions. 

The results of the Study investigations 1 to 5 

reveal differences in cortically evoked responses 

in CRPS I and II compared with healthy subjects. 

The overview in Chapter 2 outlines several 

aspects of importance for this study concerning 

the major afferent somatosensory pathways 

and the subcortical and cortical areas involved 

in somatosensory processing, including pain 

(Burton, 2005). 

In response to altered environmental 

circumstances (e.g. physiological changes, tissue 

damage, infection), neuroplasticity occurs at the 

peripheral receptor, the dorsal root ganglion, and 

in subcortical and cortical areas. The afferent 

somatosensory pathways convey contralateral 

and ipsilateral information (Chapter 2). Therefore, 

the two cerebral hemispheres receive bilateral 

somatosensory inputs under physiological and 

pathological conditions. At the cortical level, 

interhemispheric transfer of somatosensory 

information in humans is facilitated by the corpus 

callosum and the commissura anterior (Bloom and 

Hynd, 2005). At higher cortical levels, processing 

of intra- and interhemispherical somatosensory 

information continuously maintains the body 

schema (Wyke, 1982; Schwoebel and Coslett, 

2005; Berlucchi, 2010). In the present study, this 

was reflected in the highly congruous distribution 

of cortical activation over the left and right 

hemispheres in healthy subjects after median and 

ulnar nerve stimulation; there was a balance in the 

spread of cortical activation during the entire 400 

ms post-stimulus time frame.    

As was pointed out in Chapter 2, 8 and 9, 

interhemispheric transfer of information is 

influenced by inhibitory or excitatory changes, 

and probably both mechanisms are involved 

(Kaas, 1999; Burton, 2005; Bloom and Hynd, 

2005). In an earlier human mechanism-based 

study, GABAergic drugs like benzodiazepines 

(e.g. lorazepam) released the inhibitory action of 

cortical inter-hemispheric transmission (Hummel 

et al., 2005) and influenced acute cortical plasticity 

changes as observed after an Ischemic Nerve 

Block or INB (2 Rossini et al., 1994; Werhahn et al., 

2002). After INB in one hand, an improved tactile 

discrimination in the other, non-deafferentiated 

hand was observed, which only lasted for the 

duration of the INB. Therefore, under certain 

physiological and pathological circumstances 

homeostasis of the body schema will induce 

continuous cortical plasticity changes in both 

hemispheres (Li and Ebner, 2006; Berlucchi, 

2010; Berlucchi and Aglioti, 2010).

Theoretical considerations

The present study is the first to demonstrate 

bilaterally decreased cortical activation in two 

chronic pain syndromes with unilaterally affected 

upper extremities, CRPS I and II, in comparison 

with healthy subjects. These bilateral cortical 

plasticity changes may provide an explanation for 

the clinical observation that CRPS, after starting in 

one extremity, spreads seemingly spontaneously 

to the opposite side and to another extremity 

(Maleki et al., 2000; van Rijn et al., 2011). The 
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seemingly unaffected hemispheres (UHs) in 

CRPS I and II patients may functionally be less 

able to process somatosensory afferent inputs 

and to integrate information interhemispherically 

in a normal way, due to their involvement in the 

disease process (Wyke, 1982; Berlucchi, 2010).  

Even after years of chronic pain these functional 

cortical plasticity changes are rapidly reversible 

using SCS or a local block (Chapter 4 and 8). 

Not included in this study are plasticity changes 

due to sprouting of nerve fibres after injury and 

neurotransmitter changes that accompany 

pain syndromes (Florence, 2002). The latter, 

induced neuroplasticity changes are difficult to 

restore due to more permanent changes, which 

explains the difficulty of treating these patients. 

Another consequence of impaired afferent 

somatosensory integration and hemispherical 

involvement in CRPS is dystonia, which occurs 

in 25% of the cases (van Rijn et al., 2007; van 

Hilten, 2010; Munts et al., 2011). Impaired afferent 

somatosensory inputs produce altered and 

impaired somatosensory-motor coupling, which 

primarily affects the injured extremity (Tinazzi 

et al., 2000; Florence, 2002; Swart et al., 2009). 

Neither Tinazzi nor Swart observed bilateral 

hemispherical changes due to a different study 

design. 

Future perspectives

The observed differences between CRPS I and 

II GFP distribution (curves and values) at M30 

and M70 are an indication of changes in cortical 

neural activation. They suggest that in CRPS II, 

due to the changes after nerve injury described 

earlier, relatively larger areas of cortical neural 

activation are being processed than in CRPS 

I. Bilateral cortical changes due to a unilaterally 

affected upper extremity and chronic pain may 

require different approaches to treatment and to 

monitoring therapeutic effects in CRPS I and II 

(Bultitude et al., 2010; Rothgangel et al., 2011). 

In the last Dutch “evidence based guideline 

Complex Regional Pain Syndrome, type I” 

(Geertzen et al., 2006) no objective diagnostic 

tests proved to be available, and the diagnosis 

remains largely dependent on questionnaires. 

Neurophysiological monitoring with evoked 

fields may offer an additional objective tool 

for further study of chronic pain. In CRPS, 

it is recommended to use a combination of 

contemporary stimulation techniques like 

Qualitative Sensory Testing (Hansson et al., 2007) 

and non-invasive neuroimaging techniques like 

magnetoencephalography. The added value of 

combinations of techniques, depending on the 

research question, may provide a more solid 

substantiation of the mechanisms operational in 

CRPS and chronic pain.  
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Samenvatting

Inleiding

Complex Regionaal Pijn Syndroom (CRPS) type 

I stond voorheen bekend als posttraumatische 

dystrofie of Südeck atrofie en CRPS type II als 

causalgie (brandende, continue pijn). CRPS I kan 

ontstaan na een polsfractuur met vaak als klacht 

knellend gips of na een enkelverstuiking. Soms lijkt 

het pijnsyndroom spontaan te zijn ontstaan. Het 

enige verschil met CRPS II is dat er bij dit type per 

definitie sprake is van een perifeer zenuwletsel (b.v 

bij de pols of enkel). Beide CRPS typen werden in 

1994 gedefinieerd door de International Associati-

on for the Study of Pain (IASP) en zijn in Nederland 

bekende chronische pijnsyndromen. De IASP be-

schrijving van CRPS I en II laat identieke sympto-

men zien. Er kan sprake zijn van langdurig veel pijn, 

oedeem, een koude of juist warme hand of voet, 

funktieverlies en invaliditeit wat in zeldzame ge-

vallen kan leiden tot (gedeeltelijke amputatie) van 

een arm of been. Bij de laatste herziening van de 

Nederlandse “Evidence based richtlijn” CRPS I in 

2006 werd wederom vastgesteld dat de diagnose 

grotendeels gesteld wordt op basis van sympto-

men en dat objectieve onderzoeksmethoden niet 

voorhanden zijn. De reden hiervoor is dat onbe-

kend is wat CRPS I veroorzaakt, hoe het in stand 

gehouden wordt en waarom de ene patiënt na een 

polsfractuur wel CRPS krijgt en de andere niet. 

  

Plasticiteit

In de laatste decennia werd steeds duidelijker dat 

er bij chronische pijn continu pijnprikkels naar de 

hersenen worden gestuurd die daar funktionele 

veranderingen veroorzaken. Dit soort blijvende ver-

anderingen in de hersenen wordt aangeduid met 

plasticiteit (Hoofdstuk 2). Plasticiteit in het zenuw-

stelsel stelt ons gedurende ons hele leven in staat 

tot aanpassingen aan de zich steeds veranderende 

omstandigheden en eisen van het leven. Plasticiteit 

in de hersenen ziet men niet alleen bij patiënten met 

bijvoorbeeld chronische pijn maar ook bij gezonde 

mensen, zoals bij sporters of musici. Hierbij wor-

den specifieke hersengebieden die veel gebruikt 

worden in een bepaalde beroepsgroep vergroot. 

Pijn en pijnprikkels worden bij de mens verwerkt 

in het gevoelszenuwstelsel (het somatosensorische 

zenuwstelsel). Het gevoelszenuwstelsel is één van 

onze vijf zintuigen. Het zorgt er voor dat tast, koude 

en warmte, de stand van ons lichaam in de ruimte 

maar ook pijn in de hersenen geregistreerd wordt 

en het bevordert bovendien het in stand houden 

van ons lichaamsschema (Hoofdstuk 2). Meerdere 

hersengebieden zijn bij het verwerken van pijnprik-

kels en het gewaarworden van pijn betrokken en 

functionele veranderingen treden na een letsel snel 

op. 

Bij de behandeling van CRPS I en II kan, bij patiën-

ten waar geen andere behandeling meer mogelijk 

is, ruggenmergstimulatie worden toegepast of een 

morfinepomp worden geïmplanteerd (neuromodu-

latie). De in dit proefschrift beschreven onderzoe-

ken begint bij de observatie dat het gunstige ef-

fect van ruggenmergstimulatie na verloop van tijd 

vermindert. Om hiervoor een verklaring te vinden 

werd met zeer gevoelige magnetoencephalografie 

(MEG) apparatuur de hersenactiviteit gemeten ten 

gevolge van elektrische stimulatie van de nervus 

medianus en nervus ulnaris. Deze metingen wer-

den uitgevoerd in drie groepen, gezonde personen, 

een groep patiënten met een CRPS I en een groep 

met CRPS II. Door vergelijking van de hersenacti-

viteit tussen deze drie groepen werd in kaart ge-

bracht in hoeverre plasticiteit van de hersenen een 

rol speelt. Toen aan deze studie werd begonnen 

(1993), was er nog relatief weinig bekend over het 

meten van opgewekte corticale activiteit met MEG 

bij de mens, laat staan bij patiënten met chronische 

pijn.    

De meetmethode 
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Magnetoencephalografie (zie Hoofdstuk 3) is een 

relatief nieuwe niet-invasieve meetmethode. De ze-

nuwcellen in de hersenen veroorzaken elektrische 

activiteit waardoor een magnetisch veld wordt op-

gewekt. Zeer kleine veranderingen van het mag-

netische veld kunnen door MEG gemeten worden. 

Funktioneel menselijk hersenonderzoek wordt ver-

der mogelijk gemaakt door het combineren van 

MEG meetgegevens met een MRI (Magnetic Reso-

nance Imaging), dat de structuren in de hersenen in 

beeld brengt. Na elektrische stimulatie van een ze-

nuw bij de pols (nervus medianus of nervus ulnaris), 

volgt een “opgewekte activiteit in de hersenen”. 

Uitgangspunt was meer te weten te komen over 

de mechanismen die een rol spelen in de herse-

nen bij beide pijnsyndromen. Alleen patiënten met 

een CRPS I of II aan één arm werden bestudeerd. 

Bij alle patiënten met een CRPS II werd bovendien 

een derde of zelfs vierde MEG meting verricht na 

lokale verdoving op de plaats van het zenuwletsel. 

De meetopstelling was voor de drie groepen iden-

tiek (Hoofdstuk 3). 

Om de opgewekte hersenactiviteit tussen verschil-

lende groepen te kunnen vergelijken werden de 

reacties in de hersenen gekarakteriseerd door 10 

parameters: de tijd na elektrische stimulatie waarbij 

een piek optrad (de latentietijd in ms), het aantal 

pieken in de periode van 0 tot 400 ms na stimula-

tie en de Compressed Waveform Profile (CWP), de 

vlinderfiguur (blz. 112) die ontstaat na over elkaar 

projecteren van de signalen van de 151 MEG ka-

nalen. Verder werden bepaald de Global Field Po-

wer (GFP), die een maat is voor de distributie van 

zenuwcelactivering op de hersenschors (blz. 134), 

en de 6 dipool parameters (blz. 136) behorende bij 

de pieken M20, M30 en M70 (respectievelijk 20, 30 

en 70 ms na begin van de stimulus). Een “3D-brain 

map” laat op grafische wijze bij een piek met een 

bepaalde latentie, op de hersenschors een bipolair 

magneetveld zien met veldlijnen evenals de efflux 

en de influx (blz. 92). Bestudering van de 20 gezon-

de personen op basis van de 10 parameters lever-

de een referentiekader op voor de onderzoeken bij 

patiënten. Bij gezonde personen werd onderscheid 

gemaakt tussen de LH (linker hemispheer) en de 

RH (rechter hemispheer) als aanduiding voor de 

hersenhelft waar een opgewekte reactie werd ge-

meten. Bij de patiënten werd onderscheid gemaakt 

tussen de Unaffected Hemisphere (UH), d.w.z. de 

reactie op de contralaterale hersenhelft na stimula-

tie van de gezonde arm en de Affected Hemisphere 

(AH), de reactie op de contralaterale hersenhelft na 

stimulatie van de aangedane arm. In de CRPS II 

groep werden bovendien metingen gedaan na een 

plaatselijke verdoving van de aangedane zenuw, 

die de pijn tijdelijk deed verdwijnen (de AH block 

waarden).   

Wat hebben we gevonden? 

Op basis van de resultaten (parameters en “3D-

brain maps”) kan geconcludeerd worden dat bij 

gezonde personen in zeer belangrijke mate spra-

ke is van symmetrie in de opgewekte activiteiten 

in beide hersenhelften. Niet helemaal symmetrisch 

verdeeld zijn met name de amplitudes van de pie-

ken bij M20 en M30 (Hoofdstuk 6). Voorzichtigheid 

bij het beoordelen van de meetresultaten blijft dus 

geboden. De GFP curves en waarden bij M20, M30 

en M70 werden nader geanalyseerd (blz.135). Bij 

deze drie latenties na medianus en ulnaris stimu-

latie werden geen significante verschillen in GFP 

waarden gevonden in de gezonde personen. 

  

Op basis van de GFP curves en waarden in de 

CRPS I groep werd gevonden dat de opgewekte 

activiteit in de UH en AH significant lager was ver-

geleken met gezonde personen. Na ulnaris stimu-

latie werd voor de GFP waarde een verlaging in de 

UH en AH bij M30 en M70 gevonden, na medianus 

stimulatie alleen bij M70. Binnen de CRPS I groep 

was de opgewekte reactie in de UH bij M30 en M70 

niet significant groter dan in de AH, alhoewel de 

GFP curve na ulnaris stimulatie een hogere reactie 

in de UH laat zien dan op de AH (blz. 184). 
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samenvatting

Binnen de CRPS II groep werd in dit opzicht een 

andere situatie gevonden. De opgewekte reactie in 

de AH bij M70 was significant groter dan in de UH 

na stimulatie van zowel de nervus medianus als ul-

naris (blz. 184). Ook in de CRPS II groep was, in 

vergelijking met gezonde personen, sprake van sig-

nificant lagere UH waarden, echter voor de CRPS II 

AH waarden was geen verschil met gezonde perso-

nen. Dat betekent dat bij CRPS II het geactiveerde 

gebied in de AH funktioneel niet verkleind was t.o.v. 

gezonde personen. Verder waren de CRPS II AH 

waarden significant groter dan de AH en UH waar-

den in de CRPS I groep (Hoofdstuk 9). 

In tegenstelling tot de CRPS I groep, is bij CRPS II 

het geactiveerde gebied op de hersenschors rela-

tief intact gebleven. Voor zowel de CRPS I als de 

CRPS II groep geldt echter dat bij M30 en M70, 

zowel na nervus medianus als ulnaris stimulatie, 

de UH waarden significant lager waren dan bij ge-

zonde personen. Dat betekent dat de hemispheer 

contralateraal aan de gezonde arm, functioneel be-

trokken is in het ziekteproces. Mogelijk veroorzaakt 

informatie-uitwisseling tussen de beide hersenhelf-

ten ervoor dat de balans in het lichaamsschema in 

stand wordt gehouden doordat de UH mee veran-

dert. 

Bij gezonde personen wordt na stimulatie van de 

nervus medianus en ulnaris, bij 400 ms na stimula-

tie, een eerste en tweede polariteitomslag gevon-

den van het bipolaire magneetveld (b.v. blz. 90 en 

137). Bij de CRPS I en II groep is dat regelmatige 

beeld van polariteitomslagen verdwenen. Dit geeft 

aan dat in de 400 ms na elektrische stimulus van 

een zenuw de opgewekte activiteit in de hersen-

schors anders verloopt in de tijd en mogelijk ook 

qua plaats. 

Bestudering van de dipolen bij de drie groepen laat 

zien, met name na observatie van de effekten op 

de hersenschors na een zenuwblokkade en meting 

in de pijnvrije toestand, dat de veranderingen voor-

namelijk plaats vinden in de primaire somatosen-

sorische hersenschors en vooral bij 30 en 70 ms na 

het toedienen van een elektrische stimulus. Het is 

bekend dat in dat deel van de hersenschors onder-

scheid in gevoelskwaliteiten wordt gemaakt (soma-

tosensorische discriminatie). Opmerkelijk daarbij is 

dat na een interventie als ruggenmergstimulatie of 

een lokaal verdovende blokkade (Hoofdstukken 4 

en 8), de opgewekte hersenactiviteit zelfs na jaren 

van chronische pijn, nog functioneel beïnvloedbaar 

is. 

Waar staan we?

Dit proefschrift presenteert voor het eerst syste-

matisch onderzoek naar de opgewekte activiteit 

in de hersenschors bij CRPS I en II patiënten na 

standaard stimulatie van de nervus medianus en 

ulnaris. Van belang is dat in dit onderzoek de uit-

komsten bij patiënten werden vergeleken met een 

groep gezonde personen die onder identieke on-

derzoek omstandigheden werd gemeten. 

De bevindingen in dit onderzoek geven aan dat bij 

CRPS I en II corticale plasticiteit en reorganisatie 

in beide hersenhelften een rol spelen. Dit kan een 

verklaring geven voor de klinische waarneming 

dat bij een aantal patiënten na de aangedane arm, 

ogenschijnlijk spontaan de andere arm of een been 

betrokken wordt in het ziekteproces. Corticale re-

organisatie op de hersenschors wordt bij patiënten 

met CRPS I en II het beste beschreven d.m.v. de 

GFP curves en waarden en het gegeven dat ver-

anderingen vooral plaatsvinden in de eerste 70 ms 

na stimulatie. Doordat bij beide groepen patiënt er 

continu veranderde gevoelsinformatie aan de her-

senen wordt aangeboden, zou een stoornis in de 

koppeling tussen het gevoelszenuwstelsel en het 

motorische zenuwstelsel dystonie kunnen veroor-

zaken. Daardoor is de spierspanning permanent 

verstoord wat tot een dwangstand kan leiden en 

invaliditeit. Voor verder basaal wetenschappelijk 

onderzoek naar de mechanismen die bij CRPS I en 

II werkzaam zijn, kunnen afhankelijk van de spe-

cifieke vraagstelling combinaties van technieken 

worden toegepast (Hoofdstuk 3.1.2).
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Acronyms

AH = Affected Hemisphere

ALS = AnteroLateral System

CRPS = Complex Regional Pain Syndrome

CWP = Compressed Waveform Profile

EEG = Electroencephalography

ECD = Equivalent Current Dipole model 

ES = Effect Size

fT = femto-Tesla (10-15 Tesla)

fT2    = Power

GFP = Global Field Power

HD-EEG = High Definition EEG

IASP = International Association for the Study of Pain

IEEG = Intracranial EEG (with subdural electrodes)

LI = Laterality Index

MEG = Magnetoencephalography

MRI = Magnetic Resonance Imaging

fMRI = functional MRI

MRS = Magnetic Resonance Spectroscopy

MS = Milliseconds 

PET = Positron Emission Tomography

PNI = Peripheral Nerve Injury

UH = Unaffected Hemisphere

SI = Primary somatosensory cortex

SII = Secondary somatosensory cortex

SMT = Spinomesencephalic Tract

SPECT = Single Photon Emission Computed Tomography

SQUID = Superconducting Quantum Interference Device

SRT = SpinoReticular tract

STT = SpinoThalamic Tract

TMS = Transcranial Magnetic Stimulation


