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Chapter 1 

Introduction
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Body representations
It has long been recognized that an internal model of the body is required for 

the performance of many sensory and motor functions (Head & Holmes, 1911). The 
successful execution of a motor task requires taking into account the size of the 
involved body parts and their current position (Longo & Haggard, 2010). For per-
ceiving the location of a sensory event related to the body, for instance an insect 
landing on the arm, information of different senses needs to be assessed in relation 
to the body (Medina & Coslett, 2010). An insect landing on the skin can be observed 
through multiple sensory channels, among which are vision and touch. These dif-
ferent sensory inputs can be integrated into a single percept (Alais, Newell, & Ma-
massian, 2010; Ernst & Bülthoff, 2004; Gallace & Spence, 2011; Spence, 2011; Wozny 
et al., 2008). However, since the body can have many different postures, the location 
of body parts in relation to the visual field is variable (Macaluso & Maravita, 2010). 
As a result, the relation between incoming tactile and visual information is not fixed. 
Therefore, for relating the location of stimuli of these sensory modalities to each 
other, representations of the body are needed. 

Spatial perception of cutaneous stimuli involves relating incoming sensory 
information to representations of the body. Longo et al. (2010) and Medina and 
Coslett (2010) argue for the existence of representations of body surface, form and 
posture. Information from cutaneous sensory modalities are coded in a somatotopic 
references frame, meaning that the organization of the primary somatosensory cor-
tex reflects the distribution of sensory receptors on the body surface. Deriving metric 
properties of cutaneous stimuli involves relating this somatotopically organized in-
formation to information about the shape and size of various body parts. This infor-
mation is referred to as a body form representation. In order to place the origin of the 
stimuli in space, additional information about the position of body parts is necessary. 
This information is maintained in a body posture representation (Head & Holmes, 
1911; Longo et al., 2010; Medina & Coslett, 2010). No sensory modality provides 
direct information about the form of the body, therefore body form representations 
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need to be constructed based on indirect information from various sensory modali-
ties (Longo & Haggard, 2010; Serino & Haggard, 2010). Information about body 
posture can be derived from multiple sensory modalities, most importantly proprio-
ception and vision of the body (Gallagher, 2006). 

Body representations exert their influence on spatial perception without an 
individual being aware of their existence. These representations are therefore not 
available for introspection so individuals cannot report about their properties. Be-
cause they operate outside of consciousness, body representations can only be 
studied by studying their influence on reported perception. Methods for studying 
body representations which can be found in the scientific literature involve indirect 
assessment of specific aspects through their influence on, for instance, mental rota-
tion tasks of the body (Urgesi et al., 2011) or tasks involving anticipation of motor 
actions (Guardia et al., 2010). Some methods require subjects to directly report about 
the shape of their body (Gandevia & Phegan, 1999), which relies heavily on the con-
scious body image. Besides metric properties of the body, the body image includes  
attitudes and beliefs about the body (Gallagher, 2006). Therefore, reports about the 
body image likely do not faithfully reflect properties of implicit body representations. 
Longo et al. (2010) presented a procedure in which subjects are asked to localize 
the position of the joints in the their hand on a blank board which was placed over 
this hand. Because the hand was not visible to the subjects, they had to rely on 
memorized locations of these positions. The resulting reports were distorted in rela-
tion to the shape of the real hand, which the authors conclude reflects a distorted 
representation of body form. Although subjects did not directly report about their 
body image, reporting the believed location of joints does involve referring to a body 
representation which is available to consciousness, which implicates that the body 
image is somehow involved. The information about body representations gathered 
through this procedure may therefore be biased by the body image.

With the possible exception of the method by Longo et al. (2010), there is a 
shortage of methods for studying body representations in detail. Because these rep-
resentations are involved in processing of cutaneous stimuli, it may be possible to 
study their properties by studying spatial perception of cutaneous stimuli.

Localization of cutaneous stimuli
Spatial perception of stimuli on the skin can be studied by applying stimuli on 

the body surface and asking subjects to localize them, which is to report the per-
ceived location of these stimuli. The actual sites of stimulation need to be hidden 
from the subjects in order to prevent a bias from visual information of the stimulator 
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positions during the localization task. Localization can be performed through verbal 
responses, for instance by referring to a presented scale (Harrar & Harris, 2009). Al-
ternatively, a motor task can be used where subjects indicate the perceived location 
on their own body, for instance their arm (Franz, 1913; Hamburger, 1980; Pillsbury, 
1895; Trojan et al., 2006, 2009) or some artificial scale, like a blank touch screen (Har-
rar & Harris, 2010), a slider (Ho & Spence, 2007; Pritchett et al., 2012), or a represen-
tation of the stimulated body part (Craig & Rhodes, 1992). 

Localizations of cutaneous stimuli generally do not coincide with the veridical 
sites of stimulation, but deviate from these in two respects. First, localizations of 
stimuli applied at the same site are inconsistent in that they vary from trial to trial 
(Franz, 1913; Pillsbury, 1895; Ponzo, 1911). This noisiness of localizations agrees with 
observations in other sensory modalities in which unreliable sensory performance 
has been demonstrated (Beck et al., 2012). In addition to the variability of responses, 
localizations within a single experiment also vary systematically from veridical loca-
tions. They do so in a way which varies between body sites (Franz, 1913) and between 
persons (Franz, 1913, 1916; Trojan et al., 2006, 2010). 

When studying deviations of the localizations from the veridical sites over an 
area of the body, a somatosensory perceptual map can be constructed, which pre-
sents the localizations as a function of the veridical sites (Trojan et al., 2006). Follow-
ing this procedure, Trojan et al. (2006, 2009) demonstrated that perceptual maps of 
nociceptive laser stimuli on the lower arm vary considerably between subjects. Some 
subjects localized over a contracted area as compared to the veridical stimulus sites, 
while other subjects localized over expanded areas. In addition, overall displace-
ments in distal or proximal direction were found. Examples of these perceptual maps 
are shown in Figure 1-1.

The relation between localization and body 
representations

Every individual has a different body and body representations reflect this 
body. Consequently, body representations differ between individuals. Since body 
representations are involved in spatial perception, properties of these representa-
tions may be reflected in perceptual maps. The inter individual differences which 
have been found in perceptual maps may therefore reflect individual characteristics 
of body representations. If this is indeed the case, perceptual maps can be used to 
study properties of body representations. 

Studying body representations is relevant for better understanding spatial 
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perception and body representations. Besides this fundamental relevance, study-
ing body representations through perceptual maps may be clinically relevant since a 
number of pathologies have been associated with abnormalities in body represen-
tations. Deficits in the ability to perform mental body rotation tasks were found in 
bulimia nervosa patients (Urgesi et al., 2011). Using a task in which patients had to 
judge whether their body fits through an aperture, anorexia nervosa patients were 
shown to use oversized internal models of their body (Guardia et al., 2010). Dis-
turbances in body representations have also been hypothesized to underlie body 

 

 

 

E
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Figure 1-1: Perceptual maps of four subjects in a localization study with nociceptive 
laser stimuli on the lower arm (Trojan et al., 2006, reprinted with permission from Else-
vier). Subjects localized the stimuli by pointing at the stimulated arm. Because the laser 
stimuli were not visible, subjects could view their arm during the procedure. The figures 
present the localization trials (top bars) in relation to stimulated sites (bottom bars). 
The top subjects localized over an expanded area compared to the veridical stimulus 
sites. The second and third subjects on the other hand localized over a contracted area, 
while the fourth subject exhibited only little scaling. Furthermore, the localizations of 
the second subject were displaced in the proximal direction, while those of the fourth 
subject were displaced towards the wrist. The size and displacements of the top bars 
were obtained by fitting a linear regression model on the localizations using the stimu-
lated positions as predictor.
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integrity identity disorder, chronic regional pain syndrome (CRPS) and fixed dystonia 
(Edwards et al., 2011). For CRPS, abnormalities in subjective body midline were found 
(Reinersmann et al., 2012). In addition, abnormalities in temporal order judgments 
in patients suffering from CRPS were shown to depend on the spatial hemisphere in 
which body parts were located (Moseley et al., 2009). In chronic back pain patients, 
temporal order judgments of stimuli on the hands were found to be impaired when 
one of the hands was located near the affected area of the back (Sambo et al., 2013).

When studying abnormalities in perceptual maps in patients, a reference is 
needed as to what a perceptual map looks like when it reflects normal spatial percep-
tion. However, the perceptual maps which have so far been presented in literature 
exhibit considerable inter subject variability. It is possible that these differences are 
fundamental to normal spatial processing and reflect differences in body representa-
tions between subjects. It is also conceivable that some other sensory aspects, for 
instance a biasing influence of another sensory modality or an uncontrolled stimulus 
parameter, contributes to these differences.

Multisensory integration and body repre-
sentations

It is well documented that sensory information of multiple modalities inter-
acts. For instance, spatial perception of auditory and visual stimuli has been shown 
to influence each other (Bertelson & Radeau, 1981), auditory and tactile stimuli influ-
ence each other in a direction discrimination task (Sanabria et al., 2005), auditory, 
visual and tactile stimuli interact in a numerosity judgment task (Wozny et al., 2008) 
and visual and proprioceptive information interact in a reaching task (Block & Bas-
tian, 2009). If the information from various modalities is similar enough in space 
and location, they can contribute to a single percept (Gallace & Spence, 2011). The 
weight of each of the contributions is based on the reliability of the information 
(Ma & Pouget,2008; van Beers et al., 2011) but is also subject to conscious control 
(Block & Bastian, 2009). This mutual influence of sensory modalities is mediated by 
multisensory integration processes. Since body representations are believed to in-
volve feedback connections with each other and with primary sensory representa-
tions (Auksztulewicz et al., 2012; Kayser & Logothetis, 2007; Serino & Haggard, 2010), 
body representations can be considered as such a multisensory integration process. 

Through the involvement of multisensory body representations, spatial per-
ception of cutaneous stimuli is influenced by other sensory modalities. This is il-
lustrated by the effect of the visual system on localization of touch. Localizations of 
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tactile stimuli on the torso are biased  in the opposite direction of head orientation 
(Ho & Spence, 2007). The effect of gaze direction is opposite to that of head orienta-
tion, as was demonstrated for localizations of tactile stimuli on the lower arm (Har-
rar & Harris, 2009, 2010). This effect occurred regardless of whether the arm was vis-
ible and it occurred both when participants reported the perceived locations verbally 
by referring to a scale (Harrar & Harris, 2009) and when they reported by pointing on 
a computer monitor (Harrar & Harris, 2010). The authors interpreted these findings 
by considering the involvement of multiple sensory reference frames. In order to 
align the reference frames of tactile information and visual information, knowledge 
needs to be incorporated about the position of the eyes in the head, the head on the 
body and of the position of the stimulated body part. These are aspects of body rep-
resentations. The studies above demonstrate that the alignment processes between 
sensory reference frames are not perfect.

Body form and posture representations receive cutaneous sensory informa-
tion which is coded in relation to the body surface. Concerning this sensory input 
in relation to body surface, Longo et al. (2010) and Medina et al. (2010) propose a 
subtly different model. Medina et al. (2010) argue that the body form representation 
directly receives information from the primary sensory representations in the primary 
somatosensory cortex (SI). Longo et al. (2010) argue for the existence of a multisen-
sory body surface representation which receives information from primary sensory 
cortices. Primary representations are thought to receive feedback from higher order 
representations of body posture and form (Serino & Haggard, 2010). Consequently, 
these areas respond to input from other sensory modalities (Braun et al., 2002; Meyer 
et al., 2011). Therefore, from a psychophysical point of view, whether there is a mul-
timodal representation of body surface, or whether primary representations respond 
to multisensory feedback from body representations, has the same result. The out-
come from both models is that in spatial perception of cutaneous stimuli, informa-
tion concerning the body surface, form and position is involved.

Body representations integrate information from various senses and thereby 
allow integrating information which is coded in different reference frames. The dif-
ferences in neural organization between various primary sensory cortices reflect the 
organization of the sensory receptors in the peripheral nervous system. For most 
senses, this organization is clearly different, the visual cortex for instance reflects 
the sensory receptor surface of the retina, while the primary somatosensory cortex 
reflects the distribution of receptors in the skin (Macaluso & Maravita, 2010). Con-
cerning the primary organization of touch and nociception, to what extent primary 
sensory representations are the same is unknown. Both modalities receive their infor-
mation on the same body surface, therefore both are coded in a somatotopic refer-
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ence frame. However, the primary cortical representations may not be equal, which 
may have consequences for the perceptual maps. 

Most research into cutaneous localization has focused on tactile localization. 
Studying purely nociceptive localization has only been possible since the introduction 
of laser stimulation around 1975. Before that, localization studies involving nocicep-
tion all used painful mechanical stimuli which activate a mix of tactile and nociceptive 
afferents. Ponzo et al. (1911) found that mislocalizations of painful and non-painful 
mechanical stimuli do not generally coincide, with accuracy being higher for the 
painful-mechanical stimuli. More recently, using mechanical, non-painful and painful 
laser stimuli, Mancini et al. (2011) found the perceptual maps to differ at the group 
level. The group level perceptual map of painful heat was more contracted than the 
map of touch, while that of non-painful heat was more contracted than both.

This thesis
Studying somatosensory maps is relevant for fundamental research into the 

processes underlying spatial perception. In addition, it may be a new tool for studying  
pathological states involving abnormal spatial perception. For both lines of study, it 
is useful to gather more information on which sensory events influence spatial per-
ception of cutaneous stimuli and, more specifically, perceptual maps. The aim of this 
thesis is to explore a number of possible sources of variability in perceptual maps.

In Chapter 2, it is hypothesized that body representations are responsible for 
(a part of) the inter subject differences in somatosensory perceptual maps. Since 
these representations include models of body form, it is to be expected that they 
are stable over time, at least given the same body posture. Therefore, if perceptual 
maps reflect these representations, they would be expected to exhibit a high degree 
of reproducibility. Chapter 2 addresses this topic by assessing the reproducibility of 
perceptual maps of non-nociceptive electrocutaneous stimuli on subsequent days.

The extent to which spatial perception of the different cutaneous senses cor-
responds has received little attention. This topic was recently addressed by Mancini 
et al. (2011), who studied group-averaged perceptual maps of tactile and nociceptive 
laser stimuli. However, body representations likely contain individual characteristics, 
which are averaged out when assessing perceptual maps at the group level. There-
fore Chapter 4 of this thesis addresses the difference between tactile and nociceptive 
localizations at the individual level. This study required a stimulation method which 
can elicit tactile and nociceptive sensations at the same site. Chapter 3 describes a 
novel stimulation method which allows this by using electrocutaneous stimulation.

It is often implicitly assumed that if a stimulus is stronger, people are capable 
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of localizing is more accurately. However, apart from studies in very small popula-
tions, no study has actually demonstrated this for cutaneous stimuli. Chapter 5 pre-
sents the results from a study into this topic. Using, again, electrocutaneous stimula-
tion, the effect of stimulus intensity on perceptual maps was investigated.
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Abstract Various studies have shown subjects to mislocalize cutaneous stimuli in an idio-
syncratic manner. Spatial properties of individual localization behavior can be represented 
in the form of perceptual maps. Individual differences in these maps may reflect properties 
of internal body representations, and perceptual maps may therefore be a useful method 
for studying these representations. For this to be the case, individual perceptual maps need 
to be reproducible, which has not yet been demonstrated. We assessed the reproducibility 
of localizations measured twice on subsequent days. Ten subjects participated in the ex-
periments. Non-painful electrocutaneous stimuli were applied at seven sites on the lower 
arm. Subjects localized the stimuli on a photograph of their own arm, which was presented 
on a tablet screen overlaying the real arm. Reproducibility was assessed by calculating 
intraclass correlation coefficients (ICC) for the mean localizations of each electrode site 
and the slope and offset of regression models of the localizations, which represent scaling 
and displacement of perceptual maps relative to the stimulated sites. The ICCs of the mean 
localizations ranged from 0.68 to 0.93; the ICCs of the regression parameters were 0.88 for 
the intercept and 0.92 for the slope. These results indicate a high degree of reproducibility. 
We conclude that localization patterns of non-painful electrocutaneous stimuli on the arm 
are reproducible on subsequent days. Reproducibility is a necessary property of perceptual 
maps for these to reflect properties of a subject’s internal body representations. Perceptual 
maps are therefore a promising method for studying body representations.
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The relation between internal body representations and spatial perception of cuta-
neous stimuli has received recent attention. Several reviews discussed evidence 

that localization of tactile stimuli, by which we mean the reporting of the perceived 
location of these stimuli, involves higher-order body representations which combine 
information from multiple sensory modalities (Longo et al. 2010; Medina & Coslett, 
2010; Serino & Haggard, 2010). Some authors distinguish between body form repre-
sentations, which allow perception of stimuli on the body surface, and body posture 
representations, which allow identifying the stimulus location in space by using ad-
ditional information about the location of the various body parts (Longo et al., 2010; 
Medina & Coslett, 2010). The existence of body form representations is motivated 
by the observation that representations in the primary somatosensory cortex (SI) 
are dynamic, for instance due to use dependent changes or neural damage, but that 
many of these changes do not affect spatial perception. Therefore, the somatotopic 
organization of SI alone is not sufficient to allow perception of stimuli on the body 
surface (Longo et al., 2010; Medina & Coslett, 2010). Since body representations have 
a role in spatial perception of touch, it may be possible to measure properties of 
these representations by studying localizations of cutaneous stimuli. 

Localizations of cutaneous stimuli deviate from veridical stimulus positions in 
two respects. First, repeated localizations of stimuli applied at the same site exhibit 
considerable trial-to-trial variance (Franz, 1913; Hamburger, 1980; Pillsbury, 1895; 
Trojan et al., 2006, 2009). Second, many authors have observed that, when averaging 
out the trial-to-trial variance, the resulting mean localization is biased in relation to 
the stimulus positions (Culver, 1970; Franz, 1916; Mancini et al., 2011; Pillsbury, 1895). 
The type of bias found differs between authors and body sites. For instance, tactile 
localization on the volar lower arm has been reported to be biased toward the wrist 
(Pillsbury, 1895) or toward the elbow (Trojan et al., 2010). Localizations of both touch 
and nociception in the palm of the hand have been found to be displaced toward 
the thumb (Culver, 1970; Mancini et al., 2011), while for the dorsum the localizations 
are displaced toward the middle finger (Mancini et al., 2011). Possible causes for this 
plethora of findings include the inter-individual differences in localizations patterns 
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(Trojan et al., 2006, 2009, 2010) and differences in experimental setting like seeing or 
not seeing the stimulated body part (Harrar & Harris, 2009) and gaze direction (Har-
rar & Harris, 2009, 2010).

The relation between localizations and the veridical stimulus sites in a subject 
can be presented in the form of a somatosensory perceptual map (Trojan et al., 2006). 
Because of the large trial-to-trial variance mentioned above, constructing a percep-
tual map requires multiple trials for each stimulus location. This stochastic compo-
nent can then be separated from the perceptual map, for example by calculating the 
mean localization for each stimulus site (Franz, 1916). An alternative method is fitting 
a regression model on the localization data, as was done by Trojan et al. (2006) for 
localizations of nociceptive stimuli on the lower arm. The parameters of such regres-
sion models reflect overall properties of a perceptual map. The intercept represents 
displacements of the localizations in relation to the veridical stimulus sites. The slope 
represents a scaling of the area over which a subject localizes in relation to the ve-
ridical sites. The properties of perceptual maps for both touch and nociception have 
been shown to deviate between participants in experiments (Trojan et al., 2006, 2009, 
2010). Compared to the veridical stimulus sites, subjects exhibited overall displace-
ments of the localizations toward the wrist or elbow and increases or decreases of 
the area over which they localized. Since spatial perception of touch involves inter-
nal body representations, psychophysical perceptual maps may reflect properties of 
these representations. 

The possibility of quantifying internal body representations in individual sub-
jects would provide new insights into the mechanisms of multimodal processing. 
Specifically, it would be of great interest for studying the development of pathologi-
cal states in which abnormalities in internal body representations have been demon-
strated, for instance eating disorders (Guardia et al., 2010; Nico et al., 2010; Urgesi 
et al., 2011), fixed dystonia (Edwards et al., 2011), phantom sensations and complex 
regional pain syndrome (Moseley et al., 2012).

Body posture representations reflect a momentary state of the body, and they 
therefore vary over time (Longo et al., 2010). Body form representations, on the other 
hand, reflect the shape of the body; as a consequence, in healthy individuals the lat-
ter can be assumed to be constant as long as the body does not change. Therefore, if 
somatosensory perceptual maps indeed reflect properties of internal body represen-
tations, they should be reproducible given equal body posture. This reproducibility 
has not been demonstrated yet. In the current paper, we address the reproducibility 
of perceptual maps of non-painful electrocutaneous stimuli on the lower arm.

In our study, we evaluated the reproducibility of localization of non-painful 
electrocutaneous stimuli on the lower arm. We hypothesize that the somatosensory 
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perceptual maps resulting from localization experiments are reproducible over time. 
Because no research has so far been performed on this reproducibility, we started 
out by assessing this reproducibility over a small time interval. Subjects participated 
in two identical experiments on consecutive days which allowed keeping the experi-
mental setup in the same position between experiment sessions of the same subject. 
The reproducibility of the perceptual maps was assessed by calculating intraclass 
correlation coefficients (ICC) (McGraw & Wong, 1996; Shrout & Fleiss, 1979), which 
express the degree of correspondence (in our case between the results of the first 
and second experiment series) as a number between 0 (poor correspondence) and 
1 (perfect correspondence). ICCs were calculated of the mean localization of each 
stimulus site as well as of the model parameters of linear regression fits. Since lo-
calization data exhibit trial-to-trial variance, calculating the properties of perceptual 
maps from a small number of localization trials will increase the variance of these pa-
rameters and may therefore influence their reproducibility. Because our experiments 
likely contained an unnecessarily large number of localization trials, we wanted to 
determine the number of trials needed for extracting reproducible features of per-
ceptual maps; this will help shorten future experiments. Various numbers of random 
samples were drawn from the data we gathered, the same parameters we assessed in 
the analysis of the full dataset were calculated from these trials and their ICCs were 
calculated and compared with the ICCs of the full dataset.

Methods

Subjects
After the study was approved by the Medical Ethical Board Twente (file num-

ber NL35875.044.11), ten subjects were recruited from the population of students 
and employees of the University of Twente. The subjects’ mean (M) ± standard devia-
tion (SD) age was 26 ± 3 years, ranging from 23 to 32 years. Three subjects were fe-
male. All subjects reported being right handed. Each subject participated in two iden-
tical experiment sessions on successive days. Subjects gave written informed consent 
prior to the first experiment and received a monetary reward for participating. 
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Setup

Stimulation setup
Nine electrodes were placed at the subject’s left lower arm (see Figure 2-1) 

while the arm was hidden from the subject’s view. Seven electrodes were Ambu “blue 
sensor BRS” cardiology electrodes, which are rectangular in shape and 1.5 by 2 cm 
in size, one was a single IES needle electrode (Inui & Kakigi, 2012) and one was a 
Protens 9 x 5 cm rectangular TENS electrode which served as counter electrode. The 
seven Ambu electrodes were used to apply the stimuli which subjects had to localize. 
These were placed at 20, 30, 40, 50, 60, 70 and 80% of the subject’s lower arm length 
as measured from the wrist to the skin fold of the arm joint. The electrodes were at-
tached to a single strip of skin-friendly tape prior to the experiment and were fixed 
on the arm all at once. Since the subject’s view of the arm was obstructed, this pre-
vented that the subject knew the number of electrodes which were placed and what 
the electrode positions were in the proximal-distal direction. Subjects could feel the 
presence of the electrodes and tape on the arm as a continuous band. The electrodes 
were removed between experiment sessions, but the same strip was used for both 
experiment sessions of the same subject. The IES electrode was placed on wrist, the 
counter electrode was placed on the hand.

All stimuli were cathodic square wave pulses with a pulse width of 0.21 ms, 
which were applied using an eight-channel stimulator which was developed at our 
group. Apart from the number of channels, the stimulator was similar to the stimu-
lators used previously in our group (van der Heide et al., 2009; van der Lubbe et 
al. 2012).

Reporting setup
During the whole experiment, the subject’s left lower arm was placed in an 

arm rest. A tablet monitor was placed over this, which kept the subject from seeing 
the actual electrode positions, while at the same time providing a feedback me-
dium for the experiment. The monitor was a Provision Visboard VA122B, which had a 
22 inch diameter and a resolution of 34.15 pixels/cm. During the localization experi-
ment, a photograph of the subject’s own arm (without electrodes) was presented on 
the tablet monitor. The photograph was taken at the start of the experiment before 
placing the electrodes and was scaled based on reports by the subject that the di-
mensions were right. The monitor was placed as close to the arm as possible, which 
was 10-15 cm (estimated, the exact distance was not measured). Because of differ-
ences in arm length between subjects, the position of the monitor relative to the 
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Figure 2-1: The electrode placement as used in the experiments. The tape covered the 
distance between the elbow skin fold and the wrist; this distance was used as reference 
measure for normalizing the data (see Data Analysis). This picture was taken while the 
subject had his eyes closed. The crash test dummy marker near the middle of the sub-
ject’s arm was used as gaze fixation point during the localization procedure. Subjects 
were instructed to watch this point (on the photograph of their arm without electrodes) 
while waiting for the stimuli.

Figure 2-2: The VASs which were used for reporting the perceived quality and intensity 
(texts are in Dutch). The vertical scale is titled “intensiteit” (English: intensity), with 
the highest value (10.0) labeled as “sterkst denkbare sensatie” (strongest imaginable 
sensation) and the lowest (0.0) as “geen sensatie” (no sensation). The horizontal scale 
is titled “kwaliteit” (quality), with the left extreme (0.0) labeled as “dof” (dull) and the 
right extreme (10.0) marked as “scherp” (sharp). At the start of each trial, the sliders of 
the scales were preset at intensity=0.0 and quality=5.0.
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head-arm distance differed. As a result, the scaling of the photograph varied as well, 
the M ± SD scaling was 0.89 ± 0.05, with minimum of 0.82 and a maximum of 0.95.

Measures to ensure equal conditions in both sessions
A number of measures were taken to minimize differences in conditions be-

tween the two experiment sessions of each subject. Both sessions of the same sub-
ject were performed at the same time of the day. During the first session, the skin at 
the ends of the tape with the seven surface electrodes was marked with an invisible 
marker which lights up under UV light, this ensured that the electrodes were placed 
at the same site during both sessions. The position of the armrest in relation to the 
chair was marked during the first session. The same photograph with the same scal-
ing was used during both sessions. 

Protocol

Sensation threshold determination
At the start of each experiment session, the sensation threshold currents for 

the seven surface electrodes and the needle electrode were determined using an 
adaptive psychophysical estimation method consisting of five ascending stimulus 
ramps for each of the electrodes. The sensation threshold was defined as the cur-
rent at which a subject had a 50% chance of detecting a stimulus, this point was 
determined using a logistic regression fit. The time between stimulus pulses in a 
single ramp was 1 s and each successive stimulus had a higher stimulus current. The 
subjects controlled the procedure using a button; when the button was pressed, an 
ascending ramp was started. The subjects were instructed to release the button when 
they detected a stimulus, which terminated the ramp. The first ramp of each elec-
trode had preset parameters, which for surface electrodes were a starting value of 
0 mA and an increment of 0.25 mA for each stimulus. Since the needle electrodes are 
known to have a lower sensation threshold current, the increment for this electrode 
was 0.05 mA. For the subsequent trials, the starting value was half the estimated 
threshold and the increment was one-eighth of this threshold.

Quality and intensity assessment
When using electric stimulation for the activation of tactile afferents, co-acti-

vation of nociceptive afferents may occur. In order to prevent a possible difference 
in localization between touch and nociception from affecting the localizations of the 
two sessions in a different way, the same fiber population needs to be activated dur-



29

Reproducibility of somatosensory spatial perceptual maps

ing both sessions. In order to minimize differences between experiment sessions, we 
asked subjects to report the perceived qualities of the stimuli which were to be used 
in the localization experiment. For this, we used quality and intensity visual analog 
scales (VAS, see Figure 2-2). The quality scale ranges continuously from dull to sharp, 
the scores are stored as a number between 0.0 and 10.0. Tactile stimuli are usually 
scored on the dull half of the scale (a score <5.0) and nociceptive stimuli on the sharp 
half (a score >5.0). Since this distinction is hard to make if only tactile sensations are 
applied, we applied stimuli through the IES needle electrode on the wrist as a refer-
ence for nociceptive sensations (Mouraux et al., 2010; Steenbergen et al., 2012).

If subjects reported sharp sensations (quality scores higher than 5.0 and close 
to those of the needle electrode) for any of the seven surface electrodes, this was 
interpreted as a sign of nociceptive co-activation and the stimulus current for that 
electrode was decreased. 

The procedure consisted of 32 trials, four for each of the eight (seven surface 
and one needle) electrodes. The stimuli were double pulses with 5 ms between on-
sets and a current of 120% of the sensation threshold. These stimuli were applied 
in block-randomized order with each block consisting of all eight stimuli. For each 
subject, a separate sequence was generated, which was used for both sessions. The 
experimenter was able to observe the subject’s scoring behavior. If a subject reported 
sharp sensations for any of the surface electrodes, the sequence was aborted, the 
stimulus current was lowered for these electrodes and the sequence was restarted. 

Localization procedure
During the localization procedure, only the seven surface electrodes were 

used for stimulation. 60 stimuli were applied through each of the electrodes, re-
sulting in a total of 420 stimuli. This procedure lasted approximately one hour. The 
sequence consisted of 30 randomized blocks of 14 stimuli, with each electrode rep-
resented twice. A sequence was generated for each subject, which was used in both 
sessions. To keep the subjects alert during the experiment, the stimulus sequence 
was divided into three blocks of equal length, in between which the subjects were 
allowed to relax a few minutes. 

Each localization trial consisted of a uniform random waiting time of between 
3 and 4 s, after which a stimulus was applied. During this waiting time, the subject 
was instructed to watch a fixation point which was placed close to the middle of the 
lower arm (see Figure 2-1). After the stimulus was applied, the subject indicated the 
perceived location by tapping the image of their arm with a pen and pressing a but-
ton to start the next stimulus cycle. If a subject failed to respond because the stimulus 
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was not detected, the experimenter told the subject to press the button. During the 
experiment, the photograph of the arm was presented continuously.

Data analysis
All data preparation and analysis was performed in Matlab 7.11. The localiza-

tion data generated by the tablet screen setup were in screen coordinates (x,y values 
in pixels). Before analysis, this two-dimensional data was reduced to one dimension 
by applying a principal component analysis (using the Matlab princomp function) and 
retaining the first principal component. This resulted in localization data in the direc-
tion of largest variance, which for all subjects was along the arm length. Since the 
radial orientation of the stimuli was not varied and subjects felt the electrodes being 
placed in one strip, subjects were likely to base their reports on this information. We 
therefore considered this component to be irrelevant in this study. 

The locations of the electrodes were obtained by first scaling the photograph 
of the arm with electrodes to match the arm as it was presented on the tablet screen 
during the localization experiment. After this, the electrode locations were indicated 
in pixels (x,y values) and were projected on the axis of the first principal component of 
the data. These locations were identical for both sessions of the same subject, since 
the electrode tape was fixed at exactly the same spot in both sessions. Finally, the 
data points and electrode positions were normalized to the length of the electrode 
strip.

The localization data of the experiment sessions of each subject were divided 
into 14 conditions (seven sites times two sessions). Trials during which the stimulus 
was missed by the subject did not contain any localization data and were discarded. 
Because subjects occasionally tapped the screen by accident, we applied an outlier 
removal procedure for each separate electrode site-by-subject combination. All data 
points which were more than 1.5 times the inter quartile distance away from the 
median were considered outliers. Linear regression models were fitted on all trials 
for each experiment session using the Matlab glmfit function; the physical stimulus 
position was the predictor and reported location the outcome measure. Weights 
were applied to correct for unequal numbers of included trials between electrodes. 
The slopes and intercepts of each session were used for the reproducibility analysis, 
as were the means of the localization data of each site, session and subject. 
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In order to check whether the subjective scaling of the photograph might 
have influenced the localization data, we calculated the correlation of the arm scaling 
with the slope of the regression fits. The slope parameter is the most likely param-
eter to be affected if an over- or undersized visual representation of the arm would 
have influenced the localization behavior, since the slope represents the size of the 
area over which stimuli were localized. We also calculated the correlation of the arm 
length with the scaling. The tablet screen was placed as close to the arm as possi-
ble; therefore, in subjects with longer arms the distance between their head and the 
monitor was larger than for subjects with smaller arms. As a consequence, for the arm 
representations to be correct in perspective, the arm should have a smaller scale for 
subjects with longer arms.

Reproducibility
As a measure for reproducibility, we used intraclass correlation coefficients 

(ICCs). An ICC expresses the amount of unexplained variability as proportion of be-
tween-subject variability. The ICC is a single number which can be calculated from the 
variance estimates of an ANOVA model. There are a number of different ICCs for dif-
ferent experiment designs. The appropriate ICC for the current study is ICC(1,k), which 
is calculated from a one-way ANOVA on averaged values  (Shrout & Fleiss, 1979):

Here, BMS is the between-subjects mean squares and WMS is the within-

subjects mean squares.  An ICC of 1 (all variance is accounted for by differences be-
tween subjects) is interpreted as perfect reproducibility. If there is an equal amount of 
between- and within-subjects variability, the ICC(1,k) will be 0, which is interpreted as 
poor reproducibility. There is no objective limit above which an ICC represents good 
reproducibility; we will use 0.75 as rule of thumb (Portney & Watkins, 2009).  

In order to quantify to what extent the stimulus parameters were constant 
between the two experiment sessions, ICCs were calculated of the sensation thresh-
olds, the stimulus currents after adjustment (see section 2.3.2) and the quality and 
intensity VAS scores of these stimuli. For the VAS scores, mean scores for each site 
in each subject were used. These ICCs were calculated over all stimulus sites in all 
subjects, so these were based on 140 values.

For assessing the reproducibility of the localizations, ICCs were calculated for 
the mean normalized principal components of the localizations per site. In addition, 
the ICCs of the slopes and offsets of the regression models were calculated. For each 

𝐼𝐼𝐶𝐶𝐶𝐶 𝑘𝑘 𝐵𝐵𝑀𝑀𝑆𝑆 − 𝑊𝑊𝑀𝑀𝑆𝑆
𝐵𝐵𝑀𝑀𝑆𝑆  
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of these outcome measures, one value per experiment session was available, so these 
ICCs were calculated from 20 values.

To estimate whether the large number of localization trials which were in-
cluded in the current experiments is necessary for measuring reproducible features 
of perceptual maps, we assessed the ICCs of random subsets of the data. Between 1 
and 60 trials per electrode site were drawn randomly without replacement for each 
experiment session and the ICC of those was assessed. This procedure was repeated 
500 times for each number of trials. In order to estimate whether a smaller number of 
trials leads to a reproducible ICC for the sites and regression coefficients, the number 
of trials was determined for which the lower 5% quantile of the resamples exceeds 
an ICC of 0.75. 

Results
The sensation thresholds of all subjects and sites were 2.6 ± 0.9 (M ± SD) mA. 

The ICC of the sensation thresholds was 0.78 with a 95% confidence interval (CI) 
of [.65, .86]. In 7 out of 20 experiment sessions, one or more electrodes received a 
quality score of 5.0 or higher (this is the sharp half of the scale) at the start of the 
experiment. Lowering the stimulus currents decreased the quality score to below 5.0 
(the dull half of the scale) for all electrodes except the sixth electrode (counting from 
the elbow) in the first session of subject 2. The ICC of these adjusted stimulus am-
plitudes was 0.73 with CI [.57, .83]. After this adjustment, the reported quality scores 
were 2.8  ± 1.4; the ICC of these was 0.78 with CI [.65, .86]. The intensity scores were 
1.5 ± 0.9 and had an ICC of 0.73 with CI [.57, .83].

Figure 2-3 shows the means and standard deviations of the localizations of all 
experiments in two directions and plotted on the subjects’ arms. The figures also il-
lustrate the electrode placements for each subject and the principal component to 
which the data were projected for analysis. The means and standard deviations of 
these projections are presented in Figure 2-4 as a function of the veridical electrode 
positions. Figure 2-4 also shows the linear regression models that were fitted on 
the data of each experiment session. For eight subjects, the slope of the regression 
model was smaller than 1 in both experiment sessions, which indicates a contrac-
tion of the localizations as compared to the physical stimulation sites. The other two 
subjects had a slope of more than 1 in both sessions, indicating an expansion.  The 
intercepts of the regression models were positive for both sessions in five subjects, 
indicating a distal displacements of the localizations, and negative in both sessions 
for two subjects, which indicates a proximal displacement. The other three subjects 
differed between sessions in this respect, but all three had very small intercepts. The 
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ICC of the intercept was 0.88 with CI [.55, .97], the ICC of the slope was 0.92 with 
CI [.69, .98]. 

The mean localizations of each subject, site and session are depicted in Fig-
ure 2-5; the corresponding ICCs are listed in Table 2-1. The ICCs range from 0.68 to 
0.93, with five out of seven ICCs being 0.75 or higher, thus indicating good reproduc-
ibility for most sites. 

The correlation of the arm scaling with the slopes of all 20 experiment ses-
sions was -0.15, which is not significant (p = 0.54). The correlation between arm 
length and arm scaling was -0.63, which is significant  (p = 0.003). Since arm length 
influences the distance between the head and the tablet monitor, this number in-
dicates that subjects preferred a smaller arm representation when the monitor was 
further removed from their eyes.

The right column in Table 2-1 lists the number of trials required for measuring 
each of the sites and regression coefficients with a high degree of reproducibility. Dif-
ferent numbers of trials were randomly drawn from the dataset (500 times each) and 
ICCs were calculated of each random set. From this, the number of trials required for 
obtaining an ICC of 0.75 or higher with 95% certainty was determined for each of the 
sites and regression coefficients. This number could not be determined for site 1 and 
site 2 since these had an ICC lower than 0.75 in the full dataset. The numbers of trials 
required for the other sites varied widely. Nevertheless, the regression coefficients 
can be reproducibly calculated using only 6 trials per site.

Variable ICC [95% CI]
Trials needed for 95% 

chance of ICC>0.75
Site 1 (proximal) mean 0.68 [-.19, .92] -
Site 2 mean 0.73 [-.04, .93] -
Site 3 mean 0.88 [ .56, .97] 14
Site 4 mean 0.76 [ .10, .94] 59
Site 5 mean 0.91 [ .65, .98] 10
Site 6 mean 0.93 [ .73, .98] 5
Site 7 (distal) mean 0.85 [ .43, .96] 22
Regression slope 0.92 [ .69, .98] 6
Regression intercept 0.88 [ .55, .97] 6

Table 2-1: Intraclass Correlation Coefficients of the mean localization scores with 95% 
confidence intervals of the full dataset. The right column lists the number of trials re-
quired for measuring an ICC higher than 0.75 with 95% certainty (determined using a 
resampling procedure).



Figure 2-3: Electrode placement and localization data for each subject and experiment session. 
The top figure of each subject presents the electrode placement. The bottom figures show the 
means and standard deviations of the localizations in two directions. The colors of the localiza-
tions match the colored circles in the electrode figures. The grey bars indicate the first principal 
component of each subject on which the data has been projected before analysis.
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Figure 2-4: Results of the localization experiments as a function of the stimulus site for 
each subject. The localizations (vertical axis) are plotted as function of the sites (hori-
zontal axis); both localizations and sites are shown as fraction of the subject’s arm 
length, with 0 being the elbow and 1 the wrist. Each marker represents the mean lo-
calization of one site during one session (circle for session 1 and square for session 2) in 
one subject (color coded to match the other figures). The bristles indicate the standard 
deviations; these are plotted to one side only. The lines in each subject’s own color show 
the fitted regression models, solid for session 1 and dashed for session 2. As a reference, 
a black dashed line is included in each figure which indicates the relation of perfect cor-
respondence (i.e. intercept=0 and slope=1). The coefficients of the regressions models 
are printed in the corners of each plot.

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 1

Session 1
Int. 0.08
Slope 0.85

Session 2
Int. -0.01
Slope 0.82

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 2

Session 1
Int. -0.16
Slope 1.19

Session 2
Int. -0.21
Slope 1.37

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 3

Session 1
Int. -0.10
Slope 1.11

Session 2
Int. -0.11
Slope 1.09

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 4

Session 1
Int. 0.04
Slope 0.77

Session 2
Int. 0.05
Slope 0.71

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 5

Session 1
Int. 0.09
Slope 0.75

Session 2
Int. 0.06
Slope 0.72

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 6

Session 1
Int. 0.05
Slope 0.72

Session 2
Int. -0.03
Slope 0.79

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 7

Session 1
Int. 0.06
Slope 0.83

Session 2
Int. -0.05
Slope 0.92

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 8

Session 1
Int. 0.17
Slope 0.70

Session 2
Int. 0.09
Slope 0.77

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 9

Session 1
Int. 0.11
Slope 0.90

Session 2
Int. 0.13
Slope 0.83

0 0.5 1

0

0.2

0.4

0.6

0.8

1
Subject 10

Session 1
Int. 0.29
Slope 0.67

Session 2
Int. 0.13
Slope 0.89

 



37

Reproducibility of somatosensory spatial perceptual maps

1 (prox.) 2 3 4 5 6 7 (dist.)
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Stimulus site (electrode number)

Lo
ca

liz
at

io
n 

(m
ea

n 
no

rm
al

iz
ed

 p
rin

ci
pa

l c
om

po
ne

nt
)

Mean localizations

 

 
Session 1
Session 2

Figure 2-5: Localization data in the format which was used for the reproducibility analysis. 
The mean localizations of each subject and session are shown as function of the stimu-
lus site (categorical). The horizontal axis presents the electrode sites with site 1 being 
the most proximal electrode and 7 being the most distal one. Subjects are color coded 
matching Figure 2-4.



38

Chapter 2

Discussion
We set out to determine whether perceptual maps of cutaneous stimuli are 

reproducible. Subjects localized non-painful electrocutaneous stimuli on the lower 
arm in two experiments on consecutive days. The reproducibility of a number of as-
pects of the localizations was assessed by calculating ICCs. The intercept and slope 
parameters of the experiment-level regression models showed a high degree of re-
producibility, suggesting that overall displacements of perception toward the wrist 
or elbow and contractions/expansions of localization areas in relation to the physi-
cal stimulus positions are reproducible features in localization data. The ICCs of the 
mean localizations of each separate stimulation site were also high for most sites but 
were generally lower than those of the regression parameters. This is not surprising, 
since the regression parameters are calculated over all sites, so differences between 
sessions in individual sites have little effect. These results suggest that somatosen-
sory perceptual maps are reproducible over time, which is a necessary property for 
these to reflect stationary properties of internal body representations. 

Various multimodal body representations are involved in spatial perception 
and in reporting tasks (Longo et al., 2010; Medina & Coslett, 2010; Serino & Hag-
gard, 2010). Therefore, the spatial perceptual maps which are gathered in an ex-
periment may be dependent on contributions of other sensory modalities. Harrar 
et al. (2009) found that tactile localizations were more contracted when the arm was 
not visible during experiments compared with when it was, this included vision of the 
arm during both stimulus presentation and the localization task. The latter situation 
is comparable with the one in the current study, since we showed the representation 
of the arm to our subjects continuously. The same authors found that eye position 
influences localization of touch, regardless of whether the reports are performed ver-
bally (Harrar & Harris, 2009) or using a motor task (Harrar & Harris, 2010). Although 
we partially controlled this particular aspect by adding a visual fixation point to the 
experiment setup, it is likely that there are more factors which influence localization, 
many of which have not been studied systematically. ERP studies have demonstrated 
that vision influences tactile processing (Longo et al., 2011; Taylor-Clarke et al., 2002) 
and vision of distorted body parts has been shown to influence distance judgments 
(Taylor-Clarke et al., 2004) and two-point discrimination (Kennett et al., 2001). The 
absence of a correlation in the current study between arm scaling and the slope pa-
rameter of the regression fits on localizations indicates that the differences in scaling 
of the arm between subjects were not a major factor in our experiments. 

Another aspect of localizations which requires investigation, is the influence 
of stimulus parameters. Stimulus strength has been shown to influence localization 
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accuracy of tactile stimuli (Franz, 1913; Hamburger, 1980), but it is unknown whether 
this difference is due to a reduction in the stochastic component of localizations or 
to effects on the perceptual map. It is conceivable there are more stimulus aspects 
which influence cutaneous localization, for instance stimulus duration and size of the 
stimulated skin surface. However, to our knowledge, no scientific information is avail-
able about this and whether these parameters indeed influence localization will have 
to be investigated. Because of the inter subject differences in localization behavior, 
studying the effect of these parameters would require varying their values at the 
same stimulus sites in a within-subject experiment design.

Although the high degree of reproducibility we found suggests a stable un-
derlying process of spatial perception, the reproducibility of the perceptual maps of 
the two sessions was not perfect. Based on our data, we cannot conclude whether 
this difference is caused by an actual change in spatial perception between sessions 
or whether it is caused by a difference in experimental conditions. The ICCs of the 
stimulus amplitudes and reported qualities and intensities showed that these aspects 
were also not in perfect correspondence between sessions. Since the influence of 
many of these parameters on localization (if any) is unknown, we cannot exclude the 
possibility that they are responsible for the non-perfect reproducibility the measured 
perceptual maps. Furthermore, although we tried to position subjects in the same 
way during both experiments, we did not have the means to assess the successful-
ness of this endeavor and this may have had an influence on the localizations.

Because of the stochastic component in localization data, multiple stimulation 
trials are required to obtain reliable estimates of spatial perceptual maps of cutane-
ous stimuli. The results of the resampling procedure on our data indicate that the 
number of trials needed for measuring the mean localizations of the stimulus sites 
in a reproducible manner varies considerably between sites. In part, this is caused by 
the diversity in the ICCs in the full dataset. The number of trials required to measure 
the regression coefficients reproducibly is only six trials for each site, which is a total 
of 42 trials for the whole arm. We can conclude from this that the mean localization 
for a stimulus site is a relatively unreliable outcome measure, while the regression co-
efficients are very stable and can be estimated with a relatively small number of trials. 

The regression coefficients of localizations on the arm can be interpreted as 
overall displacement and scaling of the perceptual map in relation to the veridi-
cal stimulus positions (Trojan et al., 2006). Although various authors have reported 
cutaneous localization biases in various body areas (Culver, 1970; Franz, 1916; Ham-
burger, 1980; Mancini et al., 2011; Pillsbury, 1895), these studies did not involve fitting 
models to the data to extract overall parameters of the perceptual maps. Therefore, it 
is at present unknown whether a linear regression model is also appropriate for other 
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body parts. If overall parameters of perceptual maps can be determined for other 
body parts, this will simplify the study of perceptual maps by reducing the required 
length of the experiments. This would be especially beneficial for studies in patients, 
for whom a lengthy procedure like the one described in the current chapter may be 
too strenuous. 

We assessed the reproducibility of somatosensory perceptual maps on con-
secutive days. The supposed link between perceptual maps and body representa-
tions implies that perceptual maps in healthy humans will also be reproducible over 
longer lengths of time, but this will need to be investigated. Studying the stability of 
perceptual maps over time becomes especially interesting in patients who are suffer-
ing from, or are in the process of developing, pathologies which have been shown to 
affect body representations. 

In conclusion, we demonstrated a high degree of reproducibility in soma-
tosensory perceptual maps of the lower arm. This suggests that perceptual maps 
reflect a stable underlying process of spatial perception. Although further studies 
are needed, localization experiments may be a means of quantifying internal body 
representations. This would create new possibilities for studying multimodal sensory 
interaction and pathologies involving distortions in internal body representations.
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Abstract Studies of the interaction between mechanoception and nociception would ben-
efit from a method for stimulation of both modalities at the same location. For this pur-
pose, we developed an electrical stimulation device. Using two different electrode geom-
etries, discs and needles, the device is capable of inducing two distinct stimulus qualities, 
dull and sharp, at the same site on hairy skin. The perceived strength of the stimuli can 
be varied by applying stimulus pulse trains of different lengths. We assessed the perceived 
stimulus qualities and intensities of the two electrode geometries at two levels of physical 
stimulus intensity. In a first series of experiments, ten subjects participated in two experi-
mental sessions. The  subjects reported the perceived quality and intensity of four different 
stimulus classes on visual analogue scales (VASs). In a second series, we added a procedure 
in which subjects assigned descriptive labels to the stimuli. We assessed the reproduc-
ibility of the VAS scores by calculating intraclass correlation coefficients (ICC). The results 
showed that subjects perceived stimuli delivered through the disc electrodes as dull and 
those delivered through the needles as sharp. Increasing the pulse train length increased 
the perceived stimulus intensities without decreasing the difference in quality between the 
electrode types. The ICCs for the VAS scores ranged from .75 to .95. The labels that were 
assigned for the two electrode geometries corresponded to the descriptors for nociception 
and touch reported by other researchers. We conclude that our device is capable of reliably 
inducing tactile and nociceptive sensations of controllable intensity at the same skin site.
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The skin contains receptors for various sensory modalities (Hollins, 2010;  
McGlone & Reilly, 2010). However, the integration of information from these mo-

dalities is at present poorly understood. In particular, the interaction between mecha-
noceptive and nociceptive information is an interesting topic from neurophysiologi-
cal, clinical, and psychophysical perspectives. Mechanoception and nociception can 
originate at the same skin site and can be the result of the same physical stimulus, 
but these types of information are processed along separate neural pathways before 
being integrated into a single percept. A stimulation method that could allow control 
of tactile and nociceptive modalities at the same site would provide insights into the 
relation between these modalities—for instance, by allowing for study of detection 
thresholds and localization accuracy.

Tactile and nociceptive stimulation is commonly performed by using mechan-
ical and laser stimulation. Using these methods to study the interaction between 
mechanoception and nociception can be challenging, especially if the stimulation 
site is to be varied during the experiment. When performing computer-controlled 
experiments with either of these methods, highly specialized equipment is required, 
such as a pneumatically driven mechanical stimulation array (Pott et al., 2010; Trojan 
et al., 2010) or a mirror–scanner system for laser stimulation (Trojan et al., 2006). Most 
importantly, mechanical stimulators would obstruct laser stimuli directed at the same 
stimulus site. We have developed a stimulation method that permits the stimulation 
of cutaneous tactile and fast nociceptive afferents at the same skin site (Steenber-
gen et al., 2008). Our method employs electrocutaneous stimulation through a mul-
tichannel stimulator in combination with a compound electrode array. This approach 
allows for the application of complex spatiotemporal and multimodal stimulus pat-
terns.

Because electrical stimulation directly activates afferent nerve fibers, rather 
than their sensory end structures (Bromm & Lorenz, 1998), such stimulation is often 
less selective in activating a specific afferent nerve fiber population than are other 
methods. The lack of selectivity in electrocutaneous stimulation can be overcome 
by choosing suitable electrode geometries. Electrical stimulation of Aβ afferents is 
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easily achieved by using surface electrodes (see, e.g., Inui et al., 2003; Szeto & Saun-
ders, 1982). Activation of Aδ afferents in hairy skin can be achieved by using short 
needle electrodes that slightly penetrate the epidermis (Inui et al. 2002a, 2002b, 2003; 
Nilsson et al., 1997). This method is selective for Aδ afferents when using limited 
stimulus currents, with the stimuli mostly being labeled as pricking or tingling 
(Mouraux et al., 2010).

Most commonly, the perceived stimulus strength of electrical stimulation is 
varied by changing the stimulus current. Unfortunately, increasing the current 
through surface electrodes leads to a higher probability of undesired activation of 
Aδ fibers, which is illustrated by the increase in the unpleasantness of stimuli with 
increasing amplitude (Janal et al., 1991). On the other hand, increasing the stimulus 
amplitude through needle electrodes leads to a higher probability of activating Aβ 
fibers (Mouraux et al., 2010). Instead, we chose to control the perceived stimulus 
strength by using pulse train modulation. Research by van der Heide et al. (2009) 
showed that it is possible to modulate perceived stimulus intensity by varying the 
number of applied stimulus pulses (NoP) in a pulse train. By repeatedly activating the 
same afferent nerve fibers, pulse train modulation mimics the way in which stimulus 
strength is coded in afferent nerve fibers following the regular activation of sensory 
end structures. By keeping the stimulus current constant, the same population of 
nerve fibers is activated at each stimulus level. Therefore, this method allows for vary-
ing the perceived stimulus strength while using a constant stimulus current that is at, 
or close to, the sensation threshold. This minimizes the probability of coactivation of 
cutaneous fiber populations other than the intended one.

For evaluating the stimulation method described above, a method was re-
quired that could detect small differences in perceived stimulus quality—for instance, 
due to a gradual increase in undesired fiber population activity when increasing the 
stimulus strength. The scientific literature provides only a small number of methods 
for assessing the perceived quality of cutaneous stimuli, none of which were suitable 
for our study. Janal et al. (1991) performed multidimensional scaling experiments 
on the dimensionality of painful and nonpainful electrocutaneous stimuli, and in a 
later study compared these stimuli to descriptive labels for painful and nonpainful 
stimuli (Janal, 1996). The results of this study cannot be used as the basis for an evalu-
ation method of stimulus quality, since the authors influenced the painfulness of the 
stimuli by varying the stimulus voltages through the same electrode. Therefore, the 
dimensions of pain and intensity cannot be separated in their results. In Nahra and 
Plaghki (2003), subjects were asked to assign labels to painful laser stimuli. These 
stimuli, which included both Aδ and C components, were reported mostly as tingling 
or pricking. The assignment of these descriptors was greatly reduced after applying 
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a block on all myelinated fibers; this block also increased the response latencies. 
This suggests that these labels are associated with perception of Aδ fiber activity. 
Mouraux et al. (2010) used a similar labeling procedure for assessing the perception 
of laser stimuli as well as surface and needle electrode stimuli. Pricking and tingling 
were often assigned to both the needle electrode and laser stimuli. The surface elec-
trode stimuli were often labeled as touch or shock. The labeling procedure used in 
both Nahra’s and Mouraux’s studies does not allow for detection of small shifts in 
quality that might be caused by varying the perceived stimulus strength. We there-
fore chose to use a VAS for perceived stimulus quality.

In the present study, we evaluated the perceptions elicited by the stimulation 
method described above. Our first aim was to determine whether our stimulus meth-
od was capable of successfully inducing qualities that could be associated with touch 
and nociception independently of each other. Secondly, we were interested whether 
pulse train modulation modifies the perceived stimulus strength without negatively 
affecting the quality of perception. Finally, we wanted to determine how reproduc-
ible these sensations are. In a first series of experiments, we applied one and five-
pulse stimuli through both electrode types, leading to four different stimulus classes: 
needle electrodes with one and five pulses and disc electrodes with one and five 
pulses. Subjects reported the stimulus qualities and intensities on visual analogue 
scales (VASs). In a second series of experiments, a labeling procedure similar to the 
one used by Mouraux et al. (2010) was performed, in addition to the procedure 
employed in the first series. This labeling procedure allowed for comparing the re-
sults from the quality VAS with those from previous research. In each of the two 
series of experiments (first and second), subjects participated in two experimental 
sessions (A and B) on different days, which allowed for the assessment of reliability 
by calculating intraclass correlation coefficients (ICC).
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Methods

Procedure and material first series of experiments
The first series of experiments was performed in 2007 at Roessingh Research 

and Development (RRD) in Enschede, the Netherlands. The research protocol was 
approved by the Medical Ethical Board of RRD. 

Subjects
 For the first series of experiments, 13 subjects were recruited from the stu-

dent population of the University of Twente. Three subjects were excluded because a 
bug in the experimental control software during one of the two sessions scrambled 
the order of the stimuli. The ten remaining subjects had a mean age of 26 years 
(standard deviation [SD] = 4, range 22 – 34 years), and two of the subjects were 
female. All subjects gave written informed consent prior to the first experimental 
session. For six of the subjects, the time between Experimental Sessions A and B was 
7 days; for the other four, the intervals were 3, 14 (two subjects), and 21 days. 

Apparatus
The four flat discs of the compound electrode were punched out of a stain-

less-steel sheet; the five needle electrodes were made from stainless-steel sewing 
needles. The disc and needle electrodes are spread evenly over a disk with a 2.4 - cm 
diameter (see Figure 3-1, bottom right panel). The needles protruded 0.5 mm from 
the electrode surface, and the discs were embedded in the surface. The base material 
for the compound electrode was Sylgard 184, a two-component silicone elastomer 
produced by the Dow Corning Corporation, Midland, Texas. The material can be cre-
ated by mixing the supplied base and curing agents, which results in a viscous fluid. 
This was cast in a mold in order to shape the compound electrodes. A photograph 
and a schematic depiction of the compound electrode are presented in Figure 3-1. 
To facilitate the electrical contacts between the disc electrodes and the skin, the com-
pound electrode was covered with a conducting pad that covered the disc electrodes 
but had holes at the sites of the needle electrodes. The electrodes of the same type 
(needles and discs) were wired in parallel. 

The stimulators used for generating the stimulus currents consisted of multi-
ple channels that generated monophasic cathodic stimulus currents, the stimulus 
properties (amplitude, NoP, pulse width, and interpulse interval) of which could be 
configured for each channel independently.
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The compound stimulation electrode was fixed with tape on the dorsal side of 
the left lower arm, halfway between the wrist and elbow. A counter electrode (anode) 
was fixed to the left wrist.

Stimuli
During the experiment, the perceived stimulus strength was modulated using 

pulse train modulation; one and five-pulse stimuli were used. This resulted in four 
different stimulus classes: needle electrodes with one and five pulses, and disc elec-
trodes with one and five pulses. These stimuli will be referred to, respectively, as N1, 
N5, D1, and D5. All of the pulses were 0.21-ms cathodic square waves. The interpulse 
interval (IPI) of the five-pulse stimuli was 5 ms, making the duration of these stimuli 
20 ms. Stimulation with the needle and disc electrodes was performed at 130 % 
of the sensation thresholds (see below), with the thresholds determined for each 
separate session. For one subject, the amplitude of the needle electrode stimuli was 
increased to 160 % of threshold during the second session because the stimuli were 
not perceived at the default level. A sham stimulus was included as a fifth “stimulus” 
class in order to determine whether subjects responded to other cues than the stimu-
lus when the stimulus was not perceived.

Determination of sensation thresholds
Separate sensation threshold currents of the disc and needle electrodes were 

determined at the start of each session using the method of limits (Gescheider, 1985). 
All of the stimuli were single, square-wave cathodic pulses with a pulse width of 0.21 
ms. For the disc electrodes, the stimulus current was increased in steps of 0.3 mA, 
starting from zero. After subjects reported feeling a sensation, the current was low-
ered in steps of 0.1 mA until they stopped reporting a sensation. After this, the cur-
rent was increased again in steps of 0.1 mA until the subjects reported feeling a sen-
sation; this final detection current was recorded. For the needle electrodes, a similar 
method was used: The current was increased in steps of 0.10 mA, then lowered in 
steps of 0.05 mA, then increased in steps of 0.01 mA. The sensation threshold for 
disc electrodes is generally higher than that for needles, so the difference in step 
size for the two electrode types made sure that the method did not take very long 
for the disc electrodes or have a large overshoot for the needles. The procedure was 
repeated three times (trials) for each electrode type. The sensation threshold of each 
electrode type was calculated by averaging the recorded final stimulus current of the 
three trials.
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Figure 3-1: The compound electrode that was used for this study. Top: Photograph 
without conducting pad. Bottom left: Photograph with conducting pad. Bottom right: 
Schematic depiction. Each device consists of four disc and five needle electrodes mount-
ed on a silicon base (Sylgard 184, DowCorning).

Disc

Needle

2.4 cm 5 mm

Sylgard 184

14 mm

11 mm
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VAS experimental procedure
During the experiments, the subjects were seated in front of a computer mon-

itor. Following each stimulus, they were instructed to report the perceived stimulus 
intensity and quality by operating two VASs: one for the perceived quality of the 
stimuli, and one for the intensity (see Figure 3-2). While the use of an intensity scale 
is similar to a VAS commonly used for the assessment of pain intensities, the qual-
ity scale had not been used before. The quality VAS was presented horizontally and 
ranged from dull to sharp (labeled in Dutch in this series but in English in the second 
series). We avoided labeling the extremes using terms that could be explicitly related 
to touch or nociception because we did not want to bias subjects toward reporting 
that the stimuli were tactile or nociceptive. Before use, the quality scale was preset 
in the middle because presetting the scale at one of the extremes might bias the 
reports toward either dull or sharp. The intensity VAS ranged from no sensation to 
strongest sensation imaginable and was preset at the bottom (no sensation). After 
each trial, the reports on the VAS scales were converted to numbers ranging from 

Intensity

Quality

Strongest imaginable 
sensation

No sensation

Dull Sharp
Figure 3-2: The VASs that were used for reporting the perceived quality and intensity 
following each stimulus. The black triangles represent the sliders that subjects manipu-
lated to give their responses. For the first series of experiments, the texts were presented 
in Dutch. In the second series, they were presented in English. After reporting, the re-
ports on the scales were converted to numbers ranging from 0 to 10. At the start of 
each trial, the sliders of the scales were preset at the bottom for intensity (no sensation, 
corresponding to an intensity score of 0) and in the middle for quality (neither dull nor 
sharp, corresponding to a quality score of 5)
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0 to 10, corresponding to no sensation and strongest sensation imaginable for the 
intensity scale and dull and sharp for the quality scale. The subjects were not aware 
of the numeric values of their scores, since they were only presented with the scales 
and the anchors.

During the first series of experiments, the time between stimuli was fixed 
at 11 s. Subjects were told that they might not feel some of the stimuli and were 
instructed to do nothing following those. They were informed that leaving the scales 
at their preset value would be interpreted as the stimulus not having been perceived. 
In this case, the preset values were stored; during analysis, this combination of scores 
was used as an indicator of an undetected trial. The five stimulus classes (N1, N5, 
D1, D5, and sham) were each applied 30 times. The stimulus sequence consisted of 
30 different blocks in which the order of the five stimuli was randomized. The same 
sequence was used for each subject in both experimental sessions. 

Procedure and material second series of experiments
The second series of experiments was performed in 2011 at the Central Insti-

tute of Mental Health in Mannheim, Germany, and was approved by the Medical 
Ethics Committee II of the Medical Faculty Mannheim of Heidelberg University. The 
procedure for the second series of experiments was mostly the same as that for the 
first series, aspects that differed between the second series and the first are described 
below.

Subjects
For the second series of experiments, 21 subjects were recruited from the staff 

and students of the Central Institute of Mental Health, two of which were excluded 
because they did not feel the disc electrode stimuli (for one subject, this was already 
the case during the first threshold determination, and the other subject stopped feel-
ing the disc stimuli shortly after the start of the VAS procedure). The remaining 19 
subjects were on average 31 years old (SD = 6, range 21–52 years), and six were male. 
All subjects gave written informed consent prior to the first experimental session. The 
average time between Sessions A and B was 2 days (range 1–6 days).

Stimuli
Stimulation with the needle and disc electrodes was performed at 120 % of 

the sensation thresholds. The sham condition was omitted in the second series of 
experiments, since no subjects reported on the VAS following the sham stimuli in 
Series 1.
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Determination of sensation thresholds
For Series 2, the sensation threshold determination was automated. The 

method for Series 1 had required the researchers to ask the subjects questions, which 
took a lot of time and created the possibility of biasing subjects because of the way 
in which questions were asked. The sensation thresholds for the two electrode types 
were determined using a psychophysical threshold determination method consisting 
of multiple series of ascending stimuli. Subjects were instructed to press and hold a 
button; this initiated a trial consisting of a series of stimuli (one cathodic pulse with 
a pulse width of 0.21 ms) of ascending amplitude. The time between the stimuli was 
1 s. The subjects were asked to release the button when they felt a sensation, which 
terminated the stimulus series. Following this, a logistic regression model was fitted 
to the series of detections (button released) and misses (button not released). The 
sensation threshold was defined as the amplitude with a 50 % probability of detec-
tion. The threshold of each electrode was determined over ten trials. For the first 
trial at each of the two thresholds, the starting value was 0 mA; the increments were 
0.1 mA for the needle electrodes and 0.5 mA for the disc electrodes. For the remain-
ing trials, the starting value was half of the estimated threshold, and the increment 
was one eighth of this threshold. During each experimental session, the disc elec-
trode threshold was determined first. 

VAS experimental procedure
For the second series of experiments, the sham stimulus class was omitted 

from the VAS procedure. The procedure thus consisted of four stimulus classes (N1, 
N5, D1, and D5), each of which was applied in 30 randomized blocks. The randomi-
zation for this series was performed for each subject (the sequence was the same 
for both Sessions A and B in the same subject). Each stimulus was preceded by a 
uniformly random waiting time of between 4 and 5 s. The subjects reported the sen-
sations on the VASs after detecting each stimulus. After this, they clicked a “ready” 
button, which started the next stimulus cycle. When a subject failed to respond, the 
experimenter asked the subject to press the “ready” button without performing any 
reports. The new procedure allowed each subject as much time as needed to re-
spond, without introducing an unnecessary waiting time.

Quality assessment procedure using labels
As a final part of the second series of experiments, each of the four stimuli 

that had been used during the VAS procedure was presented again. Each of the stim-
uli was repeated five times, after which the subject was asked to fill in a questionnaire 
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based on the labels used by Mouraux et al. (2010) and Nahra and Plaghki (2003). 
Contrary to the VASs, which were presented with English labels, the questions were 
presented in German. For each stimulus class, subjects were asked whether they had 
detected any of the five stimulus presentations. If they had, they were asked to report 
the quality by assigning one or more of the following labels: Leichte Berührung (light 
touch), Berührung (touch), elektrischer Schock (shock), prickelnd (tingling), stechend 
(pricking), warm (warm), and brennend (burning).

Data analysis
The data of the first and second experimental series were analyzed together, 

resulting in a data set containing 29 subjects. 

To correct for skewness, the sensation thresholds and stimulus currents were 
log transformed (using the natural logarithm). The effects of electrode type, (ex-
perimental) session, and series (of experiments) were analyzed by fitting linear mixed 
models (LMMs) using the Mixed procedure in SPSS 16.0. LMMs have a number of 
advantages as compared to a repeated measures ANOVA. The method allows for 
accounting for intersubject differences by including random effects; see West et 
al. (2007) for an introduction to this method. The factors Electrode Type  and Session 
were modeled as repeated measures with a scaled identity covariance structure, and 
Series as a between-subjects factor. A random intercept for subjects was included in 
the model.

The VAS scores of undetected stimuli (5 for quality and 0 for intensity) were 
discarded. This included all sham stimuli in the first series of experiments, since none 
of those had been detected, and some of the other stimuli. The remaining scores were 
averaged by subject, electrode type, number of pulses (NoP), and session, resulting 
in four quality and four intensity scores for each session. The intensity scores were 
log transformed to correct for skewness. We assessed the effects of electrode type, 
NoP, session, and series by fitting an LMM using the Mixed procedure in SPSS 16.0. 
Electrode Type, NoP, and Session were modeled as repeated factors with a scaled 
identity covariance structure, and Series was modeled as a between-subjects factor. 
The model included a random intercept for subjects. Besides the four main effects, 
interaction effects were modeled for Series × Electrode Type, Series × NoP, Electrode 
Type × NoP, and Series × Electrode Type × NoP. Interaction effects were followed up 
by splitting the data over one of the interacting factors and fitting separate LMMs.
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Reproducibility
Reproducibility of the sensation thresholds and of the quality and intensity 

VAS scores was assessed using intraclass correlation coefficients (ICCs) for each stimu-
lus type. The appropriate ICC for the present study was ICC(1, k) (Shrout & Fleiss, 1979), 
which is calculated as follows:

Here, BMS is the between-subjects mean squares, and WMS is the within-
subjects mean squares. An ICC of 1 (all variance is accounted for by differences be-
tween subjects) is interpreted as perfect reproducibility. If there are equal amounts of 
between- and within-subjects variability, the ICC(1, k) will be 0, which is interpreted as 
poor reproducibility. There is no objective limit above which an ICC represents good 
reproducibility; we will use .75 as a rule of thumb (Portney & Watkins, 2009).

ICCs of the session-averaged quality VAS scores as well as the session-aver-
aged intensity VAS scores and thresholds were calculated, resulting in ten ICCs (two 
thresholds, four intensity scores, and four quality scores). 

Because the sensation threshold determination method for the first series of 
experiments was not based on a documented method, we assessed the reproduc-
ibility of this method by calculating an ICC using the three trials that were used. 
Each experimental session was considered as independent. This resulted in 20 sets 
of three repeated threshold determination trials for the disc and needle electrodes. 
Since each trial consisted of a staircase procedure in which subjects gave multiple 
responses, we can again use the ICC(1, k). 

All calculations were performed in SPSS 16.0.

Results

Sensation thresholds
The sensation thresholds varied significantly between electrode types 

[F(1, 85) = 435, p < 0.001], with the needle electrode sensation thresholds being 
0.66 ± 0.37 (M ± D) mA and the disc electrode thresholds being 2.82 ± 1.12 mA. The 
effects of session [F(1, 85) = 3.85, p = .053] and series [F(1, 27) = 4.09, p = .053] failed  
to reach significance by a small margin. The stimulus currents of the second series 
were significantly lower than those of the first series [F(1, 27) = 7.96, p = .009].

Just as for the sensation thresholds, the effect of electrode type was signifi-
cant for stimulus currents [F(1, 85) = 431, p < .001], while the effect of session failed 

𝐼𝐼𝐶𝐶𝐶𝐶 𝑘𝑘 𝐵𝐵𝑀𝑀𝑆𝑆 − 𝑊𝑊𝑀𝑀𝑆𝑆
𝐵𝐵𝑀𝑀𝑆𝑆  

 



Figure 3-3: Averaged quality and intensity visual analogue scale (VAS) scores for each 
session and stimulus type per subject. The means for the whole population are indi-
cated by bold lines. Subjects are color coded to distinguish between the first and second 
series of experiments. For the quality scores, the value 0 corresponds to the dull anchor 
on the quality VAS, and 10 corresponds to the sharp anchor. For the intensity scores, 0 
corresponds to no sensation and 10 to strongest sensation imaginable. See Figure 3-2 
for a description of these scales.

N1 N5 D1 D5
0

1

2

3

4

5

6

7

8

9

10

Stimulus

M
ea

n 
qu

al
ity

 s
co

re

A: Quality session 1

N1 N5 D1 D5
0

1

2

3

4

5

6

7

8

9

10

Stimulus

B: Quality session 2 

N1 N5 D1 D5
0

1

2

3

4

5

6

7

8

9

10

Stimulus

M
ea

n 
in

te
ns

ity
 s

co
re

C: Intensity session 1

N1 N5 D1 D5
0

1

2

3

4

5

6

7

8

9

10

Stimulus

D: Intensity session 2

 

 

Subjects first series
Subjects second series
Group mean

Quality  Intensity
Factor df F p  df F p

Electrode type 1/196 573 <0.001 1/196 5.57 0.019

NoP 1/196 8.16 0.005 1/196 355 <0.001

Session 1/196 0.441 0.507 1/196 0.838 0.361

Series 1/27 0.096 0.759 1/27 2.06 0.163

Series * Electrode type 1/196 2.05 0.154 1/196 0.562 0.454

Series * NoP 1/196 0.716 0.398 1/196 14.6 <0.001

Electrode type * NoP 1/196 13.1 <0.001 1/196 4.68 0.032
Series * Electrode type * NoP 1/196 0.636 0.426  1/196 0.903 0.343

Table 3-1: Linear mixed model analysis results on quality and intensity scores.
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to reach significance [F(1, 85) = 3.64, p = .060].

The ICC of the threshold determination procedure of the first series of experi-
ments, which was calculated over the three trials that were used for each threshold, 
was .91 (confidence interval .80–.96) for the needle electrodes and 1.00 (confidence 
interval .99–1.00) for the disc electrodes.

Quality and intensity scores
The quality and intensity scores for each subject, electrode type, NoP, and ses-

sion are presented in Figure 3-3, along with the mean scores of the whole subject 
population. Table 3-1 shows the results of the LMM analysis on these scores. Means 
and confidence intervals of the VAS scores of individual subjects are presented in 
Appendix A. For the quality scores, there was a significant effect of electrode type, 
with the needle electrodes scoring more toward to the sharp end of the quality scale 
than the disc electrodes. In addition, we found a significant NoP effect, as well as a 
significant Electrode Type × NoP interaction. We followed up on these effects by as-
sessing the effect of NoP separately for each of the two electrode types using LMMs. 
All of the effects except electrode type were modeled, but we only tested the effect 
of NoP for each of the two electrode types. The effect of NoP on reported quality 
was significant for the needle electrodes [F(1, 81) = 114, p < .001] but not for the disc 
electrodes [F(1.81) = 1.08, p = .30]. For the needle electrodes, the reported quality 
was higher (sharper) for the N5 stimuli than for the N1 stimuli. 

All subjects except one (for the disc electrodes of Session A) on average rated 
the five-pulse stimuli as being more intense than the one-pulse stimuli of the same 
electrode type. There was a significant effect of NoP on the reported intensity, with 
NoP = 5 stimuli being rated higher than the NoP = 1 stimuli. In addition, there was 
a significant effect of electrode type and an Electrode Type × NoP interaction effect. 
We followed up on this finding by analyzing the effect of electrode type for NoP = 1 
and NoP = 5 separately using LMMs. The effect of electrode type on reported in-
tensity was significant for the NoP = 5 stimuli [F(1, 81) = 8.73, p = .004], but not for 
NoP = 1 [F(1, 81) < 1.0, p = .87]. The N5 stimuli were rated with a higher intensity 
than were the D5 stimuli, but there was no difference in this respect between the 
N1 and D1 stimuli. Finally, we followed up the Series × NoP interaction effect on 
intensity scores by analyzing the effect of NoP for each series with separate LMMs. 
In both series of experiments, reported intensity was significantly influenced by NoP 
[F(1, 63) = 92.0, p < .001, for Series 1, and F(1, 126) = 340, p < .001, for Series 2], but 
the increase in intensity score between NoP = 1 and NoP = 5 was higher for Series 2 
than for Series 1 (an increase of 1.01 for Series 1 and 1.89 for Series 2).
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Figure 3-4: A-D: Results of the labeling procedure of the second series of experiments. 
Each graph shows the results for one of the stimulus classes aggregated over sessions 
a and b with the labels combined in categories. The detected bar shows the number of 
sessions in which each of the stimulus classes was detected. The other bars show how 
many time each label category was applied to stimulus classes.

 Needle electrodes Disc electrodes
 NoP=1 NoP=5 NoP=1 NoP=5
Threshold1 0.77 [.50, .89] 0.59 [.13, .81]
Quality 0.88 [.75, .94] 0.93 [.85, .97] 0.95 [.90, .98] 0.85 [.68, .93]
Intensity1 0.75 [.48. .88] 0.84 [.65, .92] 0.86 [.71, .94] 0.80 [.58, .91]
NoP, Number of pulses, 1Thresholds and mean intensity scores were log 
transformed

Table 3-2: Intraclass correlation coefficients with 95% confidence intervals of the pooled 
thresholds and VAS of both series of experiments.
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Labels
The results of the labeling procedure of the second series of experiments are 

presented in Figure 3-4 A–D. Nineteen subjects participated twice (Sessions A and B) 
in this part of the experiment, resulting in a total of 38 sessions in which the labe-
ling procedure was performed. In all of these sessions, the N5 and D5 stimuli were 
detected. The N1 and D1 stimuli were missed in some cases, because the subjects 
sometimes had stopped feeling these stimuli in the course of the preceding VAS 
experiment. In order to determine in how many sessions labels that represented 
tactile or nociceptive sensations were assigned, we aggregated the label pairs light 
touch/touch, tingling/pricking, and warm/burning.We counted the number of times 
that either of the two labels of one category was reported. These aggregated scores 
showed that the majority of subjects reported the needle electrode stimuli as tin-
gling/pricking and the disc electrode stimuli as light touch/touch. The number of as-
signments of these scores increased with increasing NoP. The warm/burning category 
was rarely reported. The shock label was reported for all stimulus classes in a small 
number of sessions.

Reproducibility
The ICCs for the thresholds and the quality and intensity scores are listed in 

Table 3-2. All ICCs except for the disc electrode sensation threshold were .75 or 
higher. The VAS scores for each electrode type had higher ICCs than the respective 
sensation thresholds. Although most of the ICCs had lower confidence boundaries 
beneath .75, the consistently high ICC estimates suggest good reproducibility overall. 
Separate ICCs for both series of experiments are provided in Appendix A.

Discussion
We collected quality and intensity VAS scores for stimuli applied with our 

compound electrode array. Needle and disc electrode stimuli with two intensity levels 
were delivered. Subjects participated in two experimental sessions, which enabled 
analysis of the reproducibility of the outcome measures. The reports on the qual-
ity VAS showed that stimuli applied through the needle and disc electrodes elicited 
clearly distinguishable dull and sharp sensations.

A larger number of pulses in the stimuli was demonstrated to increase the 
reported intensity of the stimuli without any detrimental effects on the quality scores. 
The ICCs of the quality and intensity scores indicated good reproducibility of the per-
ceived stimulus qualities and intensities induced by our stimulation method.
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Our subjects reported the perceived stimulus quality on a continuous scale 
ranging from dull to sharp. They generally reported disc electrode stimuli to be on 
the dull half of the scale and needle electrode stimuli to be on the sharp half. These 
scores by themselves do not provide evidence that the disc electrode stimuli led to 
tactile and the needle-induced stimuli to nociceptive sensations. However, the as-
signments of the qualitative labels (predominantly tingling and pricking to the needle 
electrode stimuli and light touch and touch to the disc electrode stimuli) strongly sug-
gest that subjects associated sensations at the dull anchor point in our quality VAS 
with a tactile quality and the sharp anchor with nociception.

The present study is the first in which the effect of pulse train modulation (PT) 
is explored for preferential electrical stimulation of nociceptive and tactile afferents. 
Although van der Heide et al. (2009) studied PT in detail, the stimulation electrode 
that they used recruited a mixed population of afferents. Our results suggest that PT 
is capable of modulating the perceived intensity of both nociceptive and tactile stim-
uli. We did not study the effect of NoP over the range that van der Heide et al. had 
used, and therefore we do not know whether the saturation in intensity for NoP > 7 
that they found exists for both nerve fiber populations. In the present study, PT influ-
enced the intensity scores of the needle electrode stimuli more strongly than those 
of the disc electrode stimuli. This may be attributed to differences in which action po-
tential frequencies code for stimulus strength in tactile and fast nociceptive afferents.

Since the dull and sharp qualities were presented on the same VAS, subjects 
were not given the opportunity to report a quality containing both a dull and a sharp 
component. The small number of nociceptive labels assigned to the disc relectrode 
stimuli—and, vice versa, of tactile labels assigned to the needles—suggests that this 
situation was rare in our study. Recording dullness and sharpness of stimuli using a 
VAS without the attributes being mutually exclusive would be possible if separate 
scales were used for dullness and sharpness. This procedure could be extended to 
include any number of qualitative attributes. This would combine the advantage of 
using a continuous quality scale, which records small shifts in perceived quality, with 
the advantage of a labeling procedure, which gives the possibility of recording mul-
tiple qualitative aspects of the same stimulus. Before designing a method like this, it 
would be useful to gather more knowledge on the parameter space of the quality of 
cutaneous perception, for instance by using a multidimensional scaling procedure.

Because we wanted to determine the reproducibility of the reported qualities 
and sensations of the stimuli, each subject participated in two experimental sessions, 
and ICCs were calculated. The VAS-score ICCs demonstrate that the stimuli through 
the electrode array led to highly reproducible sensations. The ICCs of the VAS scores 
were all higher than the ICCs of the sensation thresholds. This suggests that the re-
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producibility of the quality and intensity of the sensations appears to be quite robust 
to small changes in the stimulus currents. Although the stimulus currents used in the 
two series of experiments were significantly different, nine out of the ten ICCs for the 
pooled data lie between the ICCs calculated separately for both series of experiments 
(see Appendix A). This indicates that pooling the data did not lead to inflated ICCs 
through increased intersubject variability caused by differences in the experimental 
procedures.

Although only single phasic stimuli were generated in this study, the multi-
channel stimulators that were used allow for the generation of more complicated 
stimulus patterns. Stimulators with any number of channels can be built and used 
with multiple compound electrode arrays. This system can be used for a range of 
experimental paradigms. First of all, the tactile and nociceptive content in a stimulus 
can be varied in a controlled manner by applying pulse trains containing a mixture 
of needle and disc electrode pulses, the proportion of which can be varied. Secondly, 
when multiple electrode arrays are used, a comparison of the spatial perception of 
touch and nociception can be made in a single experiment. Mancini et al. (2010) per-
formed a within-subjects comparison of the reported locations of touch and fast and 
slow nociception. Because of the stimulus methods employed (mechanical and laser), 
each modality had to be applied in a separate experiment. The use of compound 
electrode arrays in combination with multichannel stimulators allows for compari-
sons within a single experiment in which the stimuli of the two modalities can be 
randomized. A third application would be the study of spatiotemporal, multimodal 
stimulus patterns. Any real-life stimulus involves multiple modalities over a length of 
time, but it is poorly understood how these aspects are integrated into a single per-
cept. Studying spatiotemporal sensory phenomena may provide important insights 
on this topic, for instance through studying the saltation effect (Trojan et al., 2006).

Although our results show that the stimuli delivered through our compound 
electrode array correspond well to tactile and nociceptive sensations, we do not have 
proof that the two electrode geometries activate tactile and nociceptive afferents se-
lectively. Our needle electrodes were similar to the one used by Mouraux et al. (2010), 
which was demonstrated to be selective for stimulus currents comparable to ours in 
magnitude. For the disc electrodes, we do not have this kind of information, and we 
therefore have to take into account the possibility that they may activate some noci-
ceptive afferents besides the intended tactile afferents. 

Our compound electrode array offers the possibility of studying touch and 
nociception arising from the same site. However, this is only a small fraction of the 
cutaneous sensory modalities in existence. Some of these modalities are not stimu-
lated by our method at all; this includes all modalities whose information is transmit-
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ted through C-fiber afferents, which are activated by stimulus currents higher than 
those of myelinated cutaneous afferents (Malmivuo & Plonsey, 1995). Furthermore, 
our activation of tactile fibers does not discriminate between afferents connected to 
different types of receptors. 

We conclude that the use of disc surface electrodes and needle electrodes in 
combination with our multichannel stimulators is capable of eliciting two distinguish-
able sensations at the same skin site. These sensations correspond to tactile and no-
ciceptive modalities, and the perceived quality of them is reproducible. The perceived 
strength of the stimuli can be varied without detrimental effects on the perceived 
qualities. Ours is therefore a promising method for studying the interaction between 
touch and nociception arising from the same skin site, for instance by studying spatial 
perception of cutaneous stimuli and sensation thresholds. This may give rise to new 
insights about the ways in which the various cutaneous sensory modalities interact.
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Abstract Recent theoretical advances on the topic of body representations have raised the 
question whether spatial perception of touch and nociception involve the same representa-
tions. Various authors have established that subjective localizations of touch and nocicep-
tion are displaced in a systematic manner. The relation between veridical stimulus loca-
tions and localizations can be described in the form of a perceptual map; these maps differ 
between subjects. Recently, evidence was found for a common set of body representations 
to underlie spatial perception of touch and slow and fast pain, which receive information 
from modality specific primary representations. There are neurophysiological clues that 
the various cutaneous senses may not share the same primary representation. If this is 
the case, then differences in primary representations between touch and nociception may 
cause subject-dependent differences in perceptual maps of these modalities. We studied 
localization of tactile and nociceptive sensations on the forearm using electrocutaneous 
stimulation. The perceptual maps of these modalities differed at the group level. When 
assessed for individual subjects, the differences localization varied in nature between sub-
jects. The agreement of perceptual maps of the two modalities was moderate. These find-
ings are consistent with a common internal body representation underlying spatial per-
ception of touch and nociception. The subject-level differences suggest that in addition to 
these representations other aspects, possibly differences in primary representation and/or 
the influence of stimulus parameters, lead to differences in perceptual maps in individuals.
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A number of reviews recently discussed the involvement of multimodal body rep-
resentations in spatial perception of touch (Longo et al., 2010; Medina & Cos-

lett, 2010; Serino & Haggard, 2010). Information from primary sensory represen-
tations with different reference frames is projected to these body representations, 
which allows, for instance, localizing cutaneous stimuli in space and integrating cues 
from different senses which are related to the body. Central processing of nocicep-
tion and touch differs and these modalities may have different primary representa-
tions (Mancini et al. 2011). If this is indeed the case, there may be differences in 
spatial perception between these modalities.

For identifying the location of a stimulus on the body surface, somatosensory 
information needs to be referenced to models of body form and body surface (Lon-
go et al., 2010; Medina & Coslett, 2010). In order to perform a pointing movement 
task to report the perceived location of the stimulus, this information needs to be 
translated into an external reference frame. This involves representations of body 
posture, which contain information about the position of body parts in space. There 
is evidence that these body representations are not perfectly matched; humans have 
been shown to exhibit systematic distortions in identifying the locations of land-
marks in their hand, which indicates that representations of body shape differ from 
the physical shape of the body (Longo & Haggard, 2010, 2012). Furthermore, the re-
lation between the reference frames of body form and body posture representations 
is variable, since the location of body parts in space is variable, while the shape of 
the body is constant. There is evidence that sensory information about the orienta-
tion of the head on the body and the eyes in the head are involved in aligning these 
representations (Pritchett & Harris, 2011; Pritchett et al., 2012). This alignment is not 
perfect, as is illustrated by the finding that tactile stimuli are mislocalized in the direc-
tion of gaze (Harrar & Harris, 2009).

Although much information is available on the cortical primary sensory struc-
ture of touch, the cortical representation of nociception is still a matter of debate. 
It has been suggested that SI is responsible for spatial perception of nociception as 
well as touch (Bushnell et al., 1999; Ogino et al., 2005). Activation patterns in SI differ 
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for these modalities, with mechanical stimuli mainly activating areas 3b, 1 and 2, and 
heat pain stimuli additionally involving area 3a (Chen et al., 2009, 2011; Tommer-
dahl et al., 1998). Furthermore, touch and nociception may not lead to activity in the 
same cortical columns, analogous to the differences in activation between different 
tactile submodalities (Friedman et al., 2004; Mountcastle, 1997). Several researchers 
have argued that the somatotopy of cortical maps is fundamental to their function-
ing [see for instance Kaas et. al (1997)],which is supported by a recent finding that 
experimental manipulations of the cortical topography of fingers affects reaction 
times in a decision task involving spatial perception (Wilimzig et al., 2012). Therefore, 
if SI is indeed involved in spatial perception of both touch and nocicepion, differ-
ences in cortical representation of these modalities may lead to differences in spatial 
perception. Alternatively, it has been suggested that the primary sensory cortex for 
nociception is located in the posterior insular-opercular region (Garcia-Larrea, 2012). 
Regardless of whether the primary sensory cortex for touch and nociception is the 
same or different, it is likely that the cortical representations for these modalities 
differ, which may lead to differences in spatial perception of these modalities. This 
supports the idea put forward by Mancini et al. (2011) that these modalities may 
have their own primary representations, which are mapped to the same multimodal 
internal body representations.

When humans localize a cutaneous stimulus, the reports generally deviate 
from the veridical stimulus site. When repeatedly stimulating various sites of a body 
part and asking a subject to localize these stimuli, a somatosensory perceptual map 
can be constructed which relates the localizations to the veridical stimulus sites (Tro-
jan et al., 2006). Studies using this procedure in combination with mechanical and 
laser stimulation on the lower arm have shown that somatosensory perceptual maps 
deviate from the veridical stimulus locations for both touch (Trojan et al., 2010) and 
nociception (Trojan et al., 2006). The maps varied between participants: compared to 
the veridical stimulus locations, subjects exhibited overall biases and scaling of the 
area over which they reported. In Chapter 2 of this thesis we showed that somatosen-
sory perceptual maps of non-painful electrocutaneous stimuli have highly reproduc-
ible features, which supports the idea that these maps measure a stable property of 
spatial perception and may therefore reflect internal body representations. Mancini 
et al. (2011) addressed the question whether the same body representations underlie 
spatial perception of the various cutaneous sensory modalities by comparing per-
ceptual maps of tactile, heat and nociceptive stimuli on the hand. They found some 
significant differences in perceptual maps between stimulus modalities on the group 
level, but perceptual maps of the three modalities had similar features, from which 
the authors concluded that common internal body representations are involved in 
spatial perception of the modalities studied. 
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Multimodal body representations and primary representations in SI reflect 
each individual’s own body. Differences between tactile and nociceptive SI repre-
sentation may therefore vary between subjects. As a consequence, a resulting dif-
ference in somatosensory perceptual maps would also be subject-dependent and 
these individual differences therefore do not necessarily contribute to a difference at 
the group level. Therefore, we conducted a study in which we assessed agreement of 
tactile and nociceptive perceptual maps at the group level, as well as their differences 
at the subject level.

We conducted a study in which we compared perceptual maps of tactile and 
nociceptive electrocutaneous stimuli on the lower arm. Using the stimulation elec-
trodes described in Chapter 3 of this thesis, we applied nociceptive and tactile stimuli 
at four sites. Based on the results by Mancini et al. (2011), we expected to find a small 
difference at the group level, but also to find some level of agreement between per-
ceptual maps of the two modalities. Two topics which we were interested in were not 
addressed by Mancini et al. (2011). The first one was that we wanted to quantify the 
agreement between perceptual maps of the different modalities. We assessed this 
by calculating intraclass correlation coefficients of the regression parameters fitted 
to the data of individual subjects. The second topic concerned differences between 
tactile and nociceptive localization in individuals rather than on the group level. We 
had no clear hypothesis on what type of differences to expect. We therefore tested 
for these differences in a way which required minimal assumptions about the data by 
conducting separate tests for all electrode sites and subjects.

Methods

Subjects
Eighteen subjects from the population of students and employees of the Uni-

versity of Twente volunteered to participate in this study and gave informed consent 
prior to the experiments. One subject was excluded because he did not detect any 
of the nociceptive stimuli. The mean (M) age of the remaining seventeen subjects 
was 23.8 years with standard deviation (SD) of 2.7 years (range 19 to 28 years). Seven 
subjects were female. The arm length of the subjects was 27.2 ± 1.63 (M ± SD) cm, 
with the shortest being 24 cm and the longest 29 cm. The protocol was approved by 
the Medical Ethical Board Twente (file number NL35875.044.11).
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Stimulation method
Tactile and nociceptive electrocutaneous stimuli were applied using the com-

pound electrode arrays we presented in Chapter 3; this electrode is depicted in Fig-
ure 4-1. The devices consist of an array of disc and needle electrodes which are 
capable of eliciting a tactile or nociceptive sensation, the strength of which can be 
varied using pulse train modulation. 

Four compound electrodes were placed on the left lower arm along a line 
connecting the distal end of the ulna and proximal end of the radius. The most proxi-
mal electrode was placed 10 cm from the proximal end of the radius, the most distal 
one 4 cm from distal end of the ulna. The remaining two electrodes were placed with 
equal distance between all four electrodes. A Protens 9x5 cm rectangular TENS elec-
trode served as anode and was placed at the wrist (see Figure 4-2). The electrodes 
were fixed using tape. The stimuli were applied using 8-channel stimulators with a 
common anode which were similar to stimulators in previous studies by our group 
(Roosink et al., 2011; van der Heide et al., 2009; van der Lubbe et al., 2012). All stimuli 
were monophasic cathodic pulses with a pulsewidth of 0.21 ms.

Reporting method
Subjects performed the localization task on a 46x29 cm tablet monitor dis-

playing a photograph of their own arm (see Figure 4-2). The monitor was placed 
over their arm, thus preventing visual information about the electrode positions from 
interfering with the experiment. When the electrodes were attached, subjects were 
prevented from seeing their arm by this same tablet monitor. The photograph was 
taken before the electrodes were placed, after which it was scaled in such a way that 
subjects reported that size and position matched the real arm. During the experi-
ments, subjects reported the perceived stimulus locations by tapping the monitor 
using a pen, after which they tapped a ready button. 

Sensation thresholds
Sensation thresholds for the two electrode types were determined for each of 

the four sites using an adaptive psychophysical threshold determination method. The 
method consisted of applying a series (10 in this experiment) of stimuli of ascend-
ing amplitude. Based the estimated threshold and its uncertainty, the starting point 
and increment of the series was adjusted. The sensation threshold was defined as 
the current at which a subject has a 50% chance of detecting a stimulus. This point 
was determined using a logistic regression fit. Details of this method are present-



Figure 4-1: One of the compound electrode arrays which were used in the experi-
ments. Each compound electrode consists of four disc electrodes and five needle 
electrodes. During experiments, the disc electrodes were covered with a conducting 
pad which did not touch the needle electrodes. The left and middle figures show the 
compound electrode without and with this pad. A schematic diagram of the com-
pound electrodes is presented in the right figure.

Figure 4-2: Left, the arm of a subject with four compound electrodes (green and red 
wires) and a reference electrode on the hand. Right, a subject seated using the tab-
let screen setup. The arm with electrodes is obscured from the subject’s view by the 
monitor, which shows a photograph of the subject’s own arm without electrodes.

Disc

Needle

2.4 cm 5 mm

Sylgard 184

14 mm

11 mm
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ed in Chapter 3. The sensation thresholds for the needle and disc electrodes were 
0.62 ± 0.30 (M ± SD) mA and 2.76 ± 1.10 mA respectively. 

Stimuli
During the remainder of the experiments, the stimuli were pulse trains of five 

monophasic cathodic pulses, each of which had a pulse width of 0.21 ms and 5 ms 
between the onsets of the pulses. The amplitude of the stimuli was equal to the sen-
sation threshold as determined for each site and electrode type combination.

Qualitative verification of stimuli
We verified the quality of the eight stimuli which were to be used during the 

remainder of the experiment by using the quality visual analogue scale (VAS) which 
is described in Chapter 3. The VAS was presented horizontally with the left side being 
labeled as dull and the right side as sharp. The ratings were converted to numbers 
ranging from 0 (dull) to 10 (sharp). Reports lower than 5 were interpreted as tactile 
sensations, and higher than 5 as nociceptive. If the reported quality scores of an elec-
trode were higher than 5 for the discs or lower than 5 for the needles, the electrode 
was moved to another spot on the skin. This was followed by a re-determination of 
the sensation thresholds and a new quality judgment. For the stimuli which were 
used in the localization experiments, subjects reported quality scores lower than five 
(dull halve of the scale) for the disc electrodes in 56 out of 68 stimulus sites and qual-
ity scores higher than 5 (sharp halve of the scale) for the needle electrodes in 65 out 
of 68 sites.

Experiment procedure
After giving informed consent, subjects were seated in a chair. They placed 

their left forearm in a comfortable armrest which was placed before them. A photo-
graph was taken of the arm in the armrest. Next, their view of the arm was obscured 
by placing a tablet monitor, which was later used for reporting tasks during the ex-
periments, between their head and arm. After this, the electrodes were placed as de-
scribed above, following which the tablet monitor was lowered over the arm. This was 
followed by the sensation threshold and quality verification procedures. After this, 
the main experiment started. The localization experiment consisted of two blocks, 
a tactile and a nociceptive one, the order of which was randomly balanced over the 
subject population. 15 stimuli for each site were applied in each block, leading to a 
total of 120 stimuli. The localization procedure lasted approximately 30 minutes. At 
the end of the experiment, a photograph was taken of the subject’s arm with elec-
trodes while placed in the armrest.
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Data preparation of localization trials
The following procedures were performed in Matlab (version 7.13.0. Natick, 

Massachusetts: The MathWorks Inc., 2011). 

Localization data: The reports which were generated by the tablet screen set-
up were in the form of x-y coordinates in pixels. This two-dimensional data was re-
duced to a single dimension by applying a principal component analysis on the data 
of each subject separately and retaining the first principal component. After this, 
outliers were detected separately for each subject by site by modality condition and 
discarded. Outliers were defined as being 1.5 times the interquartile distance re-
moved from the median. 

Electrode locations: The photographs of the arms with electrodes were scaled 
to match the representation of the arm which was presented to the subjects during 
the experiments. In this scaled figure, the electrode locations were manually identi-
fied. These localizations were subsequently projected obliquely on the first principal 
component of the data. 

As a final step, the data and electrode locations projected on the first principal 
component were normalized to the subjects’ arm length by using information about 
the electrode placement in relation to the anatomy.

Group level analysis: Linear mixed model
The dataset with all trials was analyzed using the linear mixed model (LMM) in 

SPSS 18.0 using the default settings. LMM’s have several advantages compared to 
a repeated measures ANOVA. The method accounts for inter subject differences, 
which, as discussed in the introduction, are considerable in the case of localization 
data. Also, the model allows the inclusion of correlated data points, therefore we 
could include all localization trials in the analysis, rather than the mean of each condi-
tion as would be the case in a repeated measures ANOVA. The model contained fixed 
main effects for Stimulus type (categorical with levels Tactile, for the disc electrode 
stimuli, and Nociceptive, for the needles electrode stimuli), Electrode site (a covariate 
ranging from 0 at the elbow to 1 at the wrist) and for the Stimulus type * Site interac-
tion effect. A random intercept for subjects was modeled, as well as random effects 
for Stimulus type and Electrode site. A variance components covariance structure was 
used for modeling the random effects.
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Subject level analysis
In order to determine whether differences in localization are present at the 

subject level, we assessed each electrode site separately for each subject. For each 
site, a two-sided t-test was performed (using the Matlab ttest2 procedure) on the 
localizations of the tactile and nociceptive stimulus conditions. In addition, the mag-
nitude of the difference in means was assessed. If this difference was larger than the 
maximum distance between disc and needle electrodes (1.5 cm), the difference was 
considered relevant. The reason for this cut-off value was that since each electrode 
array contains multiple electrodes of each type, there is a possibility that a single disc 
and a single needle are responsible for the stimuli because of differences in electrical 
contact between the component electrodes in each array. The maximum difference in 
stimulus site caused in this way in one compound electrode is 1.5 cm.

Performing separate t-tests for each site and subject means that 68 t-tests 
were performed for the whole dataset. In order to find out whether these differences 
were caused by false positives, we counted the number of subjects which had one 
or more significant t-test result. This number was tested against the false positive 
rate using a binomial test. If we take the significance level for the t-tests of p = 0.05 
as a worst case estimation for the probability of a false positive, the chance of any 
subject having one or more sites turn out positive by chance is 1-0.954 = 0.186. The 
binomial distribution used for testing the number of subjects with significant t-tests 
was therefore B(17,0.186).

In addition to the tests of separate electrode sites, a separate regression mod-
el was fitted to the tactile and nociceptive localization datasets of each subject using 
the Matlab glmfit function. Trials were weighted such that each electrode site con-
tributed equally to the regression fits. The intercepts and slopes of each were stored 
for analysis.

Agreement between stimulus modalities
In order evaluate the agreement between perceptual maps of the tactile and 

nociceptive experiment conditions, we calculated intraclass correlation coefficients 
[ICC(1,k), see (Shrout & Fleiss, 1979)] of slopes and offsets of the subject and mo-
dality dependent regression fits of the localization data. As a reference to compare 
these values with, we also calculated the within-modality reproducibility by splitting 
the data of each modality in two parts over time. This split was performed separately 
for each electrode in each subject to prevent unequal numbers of trials in the two 
halves. The difference between the split data ICCs and the between-modality ICCs 
was tested using Konishi-Gupta modified Z-tests (Donner & Zou, 2002).
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Results
The results of the localization experiments projected on the subjects’ own 

arms are presented in Figure 4-3. The top panels show the arms with electrodes, the 
middle and lowers panels the nociceptive and tactile localizations respectively. The 
localizations of each electrode are color coded to match the top panels. The localiza-
tions are drawn as means and standard deviations in two directions. The grey lines 
indicate the first principal component of the data of each subject to which the data 
was projected for further analysis. Figure 4-4 presents this reduced localization data 
as a function of the actual electrode positions, along with the linear regression fits for 
each stimulus type. These regression models showed the same features which were 
previously identified by Trojan et al. (2006): subjects showed contractions/expan-
sions (slope larger/smaller than 1) and distal and proximal displacements (intercept 
smaller/larger than 1). In 12 out of 17 subjects at least one stimulus site showed a 
significant difference between localizations of tactile and nociceptive stimulus condi-
tions which exceeded the electrode array diameter 1.5 cm (see Figure 4-4). Compar-
ing this frequency of 12 out of 17 to a false positive rate 0.186 using a one-tailed 
binomial test showed that this number is significant (p<0.001).

The agreement of the tactile and nociceptive regression parameters was 
ICC(1,k) =0.66 [0.09-0.88 confidence interval (CI)] for the intercept and 
0.76 [0.37-0.91 CI] for the slope. The ICCs for the slopes of the split data was 
0.96 [0.90-0.99 CI] for the nociceptive and 0.98 [0.94-0.99 CI] for the tactile lo-
calizations. These ICCs were significantly higher than the between-modality ICC 
of the slopes (Konishy-Gupta modified Z-test: TZM=3.67, df=32, p<0.001 and 
TZM=4.48, df=32, p<0.001 respectively). For the intercepts, the split data ICCs were 
0.97 [0.91-0.99 CI] for the nociceptive and 0.96 [0.90-0.99 CI] for the tactile localiza-
tions, which in both cases was significantly higher than the between-modality ICC of 
the intercepts (TZM=4.47, df=32, p<0.001 and TZM=4.41, df=32, p<0.001). 

The results of the LMM group level analysis are presented in Table 4-1. Signifi-
cant effects were found for Stimulus type, Electrode site and for the interaction be-
tween these. The regression models fitted by the LMM on the tactile and nociceptive 
localizations of the whole study population are presented in Figure 4-5. Both the 
stimulus sites and localizations are represented as a fraction of the arm length, with 
0 being at the elbow and 1 at the wrist. 



Figure 4-3: Electrode placements and localizations plotted on the subjects’ arms. The localiza-
tions are plotted as means with standard deviations in two directions (the orientation of the 
ellipses was determined by applying a principal component analysis on all separate electrodes). 
The grey bar represents the first principal component of all data of each subject, this was the 
line on which all data is projected for further analysis.
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Figure 4-4: Results of the localization experiments as a function of the stimulus site 
for each subject. The localizations (vertical axis) are plotted as function of the sites 
(horizontal axis); both localizations and sites are shown as fraction of each subject’s 
arm length, with 0 being the elbow and 1 the wrist. Each marker represents the 
mean localization of one site for either the nociceptive (circle) or the tactile (square) 
stimulus condition. The bristles indicate the standard deviations; these are plotted to 
one side only. The lines show the fitted regression models, solid for the nociceptive 
stimulus condition and dashed for the tactile condition. As a reference, a grey line 
is included in each figure which indicates the relation of perfect correspondence (i.e. 
intercept=0 and slope=1). The coefficients of the regression models are printed in 
the corners of each plot. Asterisks mark the sites for which 1) the localizations of the 
two types differed significantly and 2) the differences of the means were larger than 
the electrode diameter of 1.5 cm.

Figure 4-5: Linear mixed model fit of the localization data. The two lines present the 
group-level regression fits of the tactile (green) and nociceptive (red)  localizations; 
the regression parameters are presented as well. Two example arms are presented 
along the axes. The average length over which subjects were stimulated is presented 
by a grey block.
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Discussion
Our aim was to determine whether there are differences between tactile and 

nociceptive perceptual maps at the subject level and whether the perceptual maps 
of these modalities are in agreement for the whole subject population. In a series of 
experiments, tactile and nociceptive sensations were elicited on the lower arm using 
electrocutaneous stimulation. Subjects repeatedly reported the perceived location 
of stimuli of both types applied at four sites. When assessed for each separate elec-
trode, the localizations of the tactile and nociceptive conditions differed for most 
subjects, but in a manner which varied between subjects. Despite these differences, 
linear regression fits of the data of each separate modality and subject showed some 
measure of agreement. This agreement was lower than the within modality ICCs we 
obtained by splitting the data in two halves. 

The subject-level differences that we found between tactile and nociceptive 
localization occurred at different sites and do not seem to follow a common pat-
tern for all subjects. In some subjects, no difference in localization between the two 
modalities was found. Nevertheless, from the magnitude of the differences and their 
frequent occurrence we conclude that these differences in localization are the result 
of an actual difference in perceived location and not a chance occurrence. From our 
data we cannot conclude what causes these differences. Possibly they reflect the 
columnar organization of the primary sensory cortices for touch and nociception.

At the group level, we found the regression fits of the tactile and nociceptive 
stimuli to differ, with the regression fit of the nociceptive localizations being con-
tracted while the fit of the tactile localizations was close to veridical. This matches the 
results by Mancini et al. (2011), who found group-level perceptual maps of painful 
laser stimuli on the dorsal and volar hand to be more contracted than perceptual 
maps of tactile stimuli. However, since the regression fits for individual subjects show 

Factor dfa F p
Stimulus type 1/40.1 16.00 <0.001 *
Electrode site 1/15.8 178.06 <0.001 *
Type * Site 1/1825.0 30.79 <0.001 *
* p<0.05, aNumerator / denominator degrees of freedom

Table 4-1: Linear mixed model fixed effects results for the normalized localizations
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large differences, performing the same experiment in a new population is likely to 
yield different group level results.

The moderate agreement we found between tactile and nociceptive percep-
tual maps is consistent with a common body representation underlying perception of 
these modalities, which supports the conclusions by Mancini et al. (2011). However, 
this agreement was less than the agreement within each modality as calculated by 
splitting the data of each subject in two over time. Also, there were significant differ-
ences between modalities in most subjects. This indicates that common body repre-
sentations and the physical location of the stimuli together do not fully account for 
the differences in perceptual maps between modalities. Another factor is responsible 
for these differences, possibly a difference in primary representations in the soma-
tosensory cortex. Thus our findings are consistent with a projection of information 
from slightly different primary representations to common body representations. 

Differences in perception between touch and nociception are unlikely to be 
noticeable in daily life. Multisensory integration processes have been demonstrated 
to be able to integrate spatially disparate information from different modalities into a 
single percept (Alais & Burr, 2004; Block & Bastian, 2009). In any real life situation, in-
formation from various cutaneous senses generally arises in conjunction, therefore a 
difference in spatial perception between touch and nociception due to a difference in 
primary representations would not be noticeable due to these integration processes. 
Making a difference in spatial perception between touch and nociception observable 
requires eliminating or minimizing the integration of nociceptive information with 
tactile cues, for which we used electrocutaneous stimulation.

Although we found significant differences in tactile and nociceptive localiza-
tion, other stimulus parameters than modality could have contributed to these. Very 
little information is available about the effect of stimulus intensity (both physical and 
perceived) and stimulus duration on localization. Hamburger (1980) reported an in-
crease in localization accuracy with increasing force of mechanical stimulation, but it 
is unknown whether this difference is due to a reduction in the stochastic component 
of localizations or to effects on the perceptual map. Since touch and nociception 
are different modalities, perceived strength of these cannot be directly compared. 
Concerning physical stimulus strength, we already demonstrated in Chapter 3 that 
varying the physical strength of electric stimuli using pulse train modulation has a 
different effect on perceived intensity for preferential stimulation of touch and no-
ciception. Therefore a possible effect of stimulus intensity on localization is likely to 
differ between these modalities.

In conclusion, we found perceptual maps of electrically elicited nociceptive 
and tactile stimuli to differ. We suggest that differences in primary representations 
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between the modalities may be responsible for these differences. We also found 
moderate agreement between perceptual maps of both modalities, which is consist-
ent with the involvement of common underlying internal body representations. Fur-
ther research will have to point out whether the differences we found are indeed due 
purely to a difference in stimulus modality, or whether another stimulus parameter 
contributed to this.



85

Tactile and nociceptive perceptual maps

References
Alais, D., & Burr, D. (2004): The Ventriloquist Effect Results from Near-Optimal 
Bimodal Integration. Current Biology, 14(3), 257–262. doi:10.1016/j.cub.2004.01.029

Block, H. J., & Bastian, A. J. (2009): Sensory Reweighting in Targeted Reaching: Ef-
fects of Conscious Effort, Error History, and Target Salience. Journal of Neuro-
physiology, 103(1), 206–217. doi:10.1152/jn.90961.2008

Bushnell, M. C., Duncan, G. H., Hofbauer, R. K., Ha, B., Chen, J. I., & Carrier, B. (1999): 
Pain perception: is there a role for primary somatosensory cortex? Proceedings 
of the National Academy of Sciences of the United States of America, 96, 7705–9. 
doi:10.1073/pnas.96.14.7705

Chen, L. M., Friedman, R. M., & Roe, A. W. (2009): Area-specific representation of 
mechanical nociceptive stimuli within SI cortex of squirrel monkeys. Pain, 141(3), 
258–268. doi:10.1016/j.pain.2008.11.018

Chen, L. M., Dillenburger, B. C., Wang, F., Friedman, R. M., & Avison, M. J. (2011): High-
resolution functional magnetic resonance imaging mapping of noxious heat 
and tactile activations along the central sulcus in New World monkeys. Pain, 
152(3), 522–532. doi:10.1016/j.pain.2010.10.048

Donner, A., & Zou, G. (2002): Testing the equality of dependent intraclass correla-
tion coefficients. Journal of the Royal Statistical Society: Series D (The Statistician), 
51(3), 367–379. doi:10.1111/1467-9884.00324

Friedman, R. M., Chen, L. M., & Roe, A. W. (2004): Modality maps within primate 
somatosensory cortex. Proceedings of the National Academy of Sciences of the 
United States of America, 101(34), 12724–12729. doi:10.1073/pnas.0404884101

Garcia-Larrea, L. (2012): The posterior insular-opercular region and the search of 
a primary cortex for pain. Neurophysiologie Clinique/Clinical Neurophysiology, 
42(5), 299–313. doi:10.1016/j.neucli.2012.06.001

Hamburger, H. L. (1980): Locognosia, the ability to localizate tactile stimuli on the 
body surface. Amsterdam: Universiteit van Amsterdam.

Harrar, V., & Harris, L. R. (2009): Eye position affects the perceived location of 
touch. Experimental Brain Research, 198, 403–10. doi:10.1007/s00221-009-1884-4

Kaas, J. H. (1997): Topographic maps are fundamental to sensory processing. Brain 
Research Bulletin, 44(2), 107–112. doi:10.1016/S0361-9230(97)00094-4

Longo, M. R., & Haggard, P. (2010): An implicit body representation underlying 
human position sense. Proceedings of the National Academy of Sciences, 107(26), 
11727–11732. doi:10.1073/pnas.1003483107

Longo, M. R., Azañón, E., & Haggard, P. (2010): More than skin deep: body represen-
tation beyond primary somatosensory cortex. Neuropsychologia, 48(3), 655–668. 
doi:10.1016/j.neuropsychologia.2009.08.022



86

Chapter 4

Longo, M. R., & Haggard, P. (2012): Implicit body representations and the con-
scious body image. Acta Psychologica, 141(2), 164–168. doi:10.1016/j.actpsy.2012.07.015

Mancini, F., Longo, M. R., Iannetti, G. D., & Haggard, P. (2011): A supramodal repre-
sentation of the body surface. Neuropsychologia, 49(5), 1194–1201. 
doi:S0028-3932(10)00584-1 [pii] 10.1016/j.neuropsychologia.2010.12.040

Medina, J., & Coslett, H. B. (2010): From maps to form to space: touch and the body 
schema. Neuropsychologia, 48, 645–654. doi:S0028-3932(09)00336-4 [pii] 10.1016/j.neu-
ropsychologia.2009.08.017

Mountcastle, V. B. (1997): The columnar organization of the neocortex. Brain, 
120(4), 701–722. doi:10.1093/brain/120.4.701

Ogino, Y., Nemoto, H., & Goto, F. (2005): Somatotopy in human primary soma-
tosensory cortex in pain system. Anesthesiology, 103(4), 821. doi:10.1097/00000542-
200510000-00021

Pritchett, L. M., & Harris, L. R. (2011): Perceived touch location is coded using a 
gaze signal. Experimental Brain Research, 213, 229–34. doi:10.1007/s00221-011-2713-0

Pritchett, L. M., Carnevale, M. J., & Harris, L. R. (2012): Reference frames for coding 
touch location depend on the task. Experimental Brain Research, 222(4), 437–445. 
doi:10.1007/s00221-012-3231-4

Roosink, M., Buitenweg, J. R., Renzenbrink, G. J., Geurts, A. C. H., & IJzerman, M. J. 
(2011): Altered cortical somatosensory processing in chronic stroke: A rela-
tionship with post-stroke shoulder pain. NeuroRehabilitation, 28(4), 331–344. 
doi:10.3233/NRE-2011-0661

Serino, A., & Haggard, P. (2010): Touch and the body. Neuroscience and Biobehavio-
ral Reviews, 34, 224–236. doi:S0149-7634(09)00062-1 [pii] 10.1016/j.neubiorev.2009.04.004

Shrout, P. E., & Fleiss, J. L. (1979): Intraclass correlations: uses in assessing rater 
reliability. Psychological Bulletin, 86, 420–8. doi:10.1037/0033-2909.86.2.420

Steenbergen, P., Buitenweg, J. R., Trojan, J., Heide, E. M., Heuvel, T., Flor, H., & Veltink, 
P. H. (2012): A system for inducing concurrent tactile and nociceptive sensations 
at the same site using electrocutaneous stimulation. Behavior Research Methods, 
44(4), 924-933. doi:10.3758/s13428-012-0216-y 

Steenbergen, P., Buitenweg, J. R., Trojan, J., & Veltink, P. H. (2013): Reproducibility of 
somatosensory spatial perceptual maps. Experimental Brain Research, 224(3), 417-
427. doi:10.1007/s00221-012-3321-3

Tommerdahl, M., Delemos, K. A., Favorov, O. V., Metz, C. B., Vierck, C. J., & Whitsel, B. 
L. (1998): Response of anterior parietal cortex to different modes of same-site 
skin stimulation. Journal of Neurophysiology, 80(6), 3272–3283.



87

Tactile and nociceptive perceptual maps

Trojan, J., Kleinböhl, D., Stolle, A. M., Andersen, O. K., Hölzl, R., & Arendt-Nielsen, L. 
(2006): Psychophysical “perceptual maps” of heat and pain sensations by di-
rect localization of CO2 laser stimuli on the skin. Brain Research, 1120, 106–113. 
doi:10.1016/j.brainres.2006.08.065

Trojan, J., Stolle, A. M., Mršić, A. C., Kleinböhl, D., & Hölzl, R. (2010): Spatiotemporal 
integration in somatosensory perception: effects of sensory saltation on point-
ing at perceived positions on the body surface. Frontiers in Perception Science, 1, 
1–17. doi:10.3389/fpsyg.2010.00206

Van der Heide, E. M., Buitenweg, J. R., Marani, E., & Rutten, W. L. (2009): Single pulse 
and pulse train modulation of cutaneous electrical stimulation: a com-
parison of methods. Journal of Clinical Neurophysiology, 26, 54–60. doi:10.1097/
WNP.0b013e3181942cd2

Van der Lubbe, R. H. J., Buitenweg, J. R., Boschker, M., Gerdes, B., & Jongsma, M. L. A. 
(2012): The influence of transient spatial attention on the processing of intracu-
taneous electrical stimuli examined with ERPs. Clinical Neurophysiology, 123(5), 
947–959. doi:10.1016/j.clinph.2011.08.034

Wilimzig, C., Ragert, P., & Dinse, H. R. (2012): Cortical topography of intracortical 
inhibition influences the speed of decision making. Proceedings of the National 
Academy of Sciences, 109(8), 3107–3112. doi:10.1073/pnas.1114250109





Chapter 5 

Tactile localization depends on 
stimulus intensity

Authors:

Peter Steenbergen • Jan R. Buitenweg • Jörg Trojan • Peter H. Veltink

This chapter has been submitted for publication.



Abstract Few experimental data are available about the influence of stimulus intensity 
on localization of cutaneous stimuli. The localization behavior of an individual as func-
tion of the veridical stimulus sites can be represented in the form of a perceptual map. It 
is unknown how the intensity of cutaneous stimuli influences these perceptual maps. We 
investigated the effect of stimulus intensity on trial-to-trial localization variability and on 
perceptual maps. We applied electrocutaneous tactile stimuli of three different intensities 
through seven surface electrodes on the lower arm of healthy participants. They localized 
the stimuli on a tablet monitor mounted directly above their arm, on which a photograph 
of this arm was presented. The stimuli were localized over a contracted area as com-
pared to the real electrode positions. This area increased towards veridical with increasing 
stimulus intensity. The trial-to-trial variance of the localizations dropped significantly with 
increasing intensity. Furthermore, localization biases of individual stimulus positions were 
shown to decrease with increasing stimulus intensity. We conclude that tactile stimuli are 
localized closer to veridical with increasing intensity in two respects: the localizations be-
come more consistent and more accurate. 
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Various studies have demonstrated localization of cutaneous stimuli to systemati-
cally deviate from the veridical stimulus locations (Culver, 1970; Franz, 1916; 

Mancini et al., 2011; Pillsbury, 1895; Trojan et al., 2010; Trojan et al., 2006). These bi-
ases can be represented in the form of a perceptual map, which describes the locali-
zations as a function of the veridical stimulus positions (Trojan et al., 2006). In Chapter 
2 we argued that somatosensory perceptual maps reflect properties of body repre-
sentations. This may be especially useful in studying pathologies which have been 
demonstrated or suggested to go hand in hand with distorted spatial perception, 
such as complex regional pain syndrome (Moseley et al., 2009; Reinersmann et al., 
2012), fixed dystonia (Edwards et al., 2011) and eating disorders (Urgesi et al., 2011). 
Before using perceptual maps to study patients, it would be useful to gather informa-
tion about what constitutes a “normal” perceptual map. This includes dependence of 
perceptual maps on various stimulus parameters, like stimulus intensity.

The influence of stimulus intensity on localization of cutaneous stimuli has not 
been studied systematically. While Franz (1913) reviews findings by Ponzo (1911) 
that trial-to-trial variance of tactile localization is reduced with increasing mechanical 
pressure, he himself was unable to replicate these findings. Neither Ponzo nor Franz 
found convincing effects of stimulus pressure on localization biases. Both studies 
included only two participants. Hamburger (1980) found a decrease of absolute lo-
calization error with increasing stimulus pressure in a population of five participants, 
but did not discriminate between the effects of trial-to-trial variance and systematic 
mislocalizations. The contradictory and anecdotal nature of these results do not give 
a clear picture of the effect of stimulus intensity on cutaneous localization. This topic 
therefore requires investigation, especially since we identified stimulus intensity as 
a possible confounder in the study presented in Chapter 4, in which we compared 
perceptual maps of tactile and nociceptive stimuli.

In peripheral nerve fibers, stimulus intensity is coded by the firing frequency 
and the number of active nerve fibers (Bensmaia, 2008). When activating these nerve 
fibers using electrical stimulation, firing frequency coding can be exploited by using 
pulse train modulation (PT), which is stimulating with a pulse train consisting of a 
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varying number of pulses (NoP) of constant amplitude (Van der Heide et al., 2009). 
In general, when using electric stimulation of cutaneous nerve fibers, selectivity for a 
certain fiber population cannot be guaranteed, with the notable exception of needle 
electrodes with low stimulus currents (Inui and Kakigi, 2012; Mouraux et al., 2010). 
Because in PT the stimulus current is constant for all intensity levels, the activated 
fibers are the same for each stimulus level and consequently so are the proportions 
of different fiber types which are activated.

In the current paper, we present a study on the effect of stimulus intensity on 
localization of cutaneous stimuli. In a series of experiments, we used electrical stimu-
lation through surface electrodes on the lower arm to elicit non-painful sensations 
with three levels of intensity. The intensity of the stimuli was varied using pulse train 
modulation. Participants repeatedly reported the location of these stimuli at seven 
sites using a pointing task. Two aspects of the localization data were investigated. 
Based on the theory outlined above we expected the trial-to-trial standard deviations 
of the localizations to drop with increasing stimulus intensity. Concerning the effect 
of intensity on the perceptual maps, localizations may rely more on the general loca-
tion of the arm for weak stimuli. Therefore we hypothesized that weaker stimuli are 
reported more towards the center of the arm.

Methods

Participants
Fifteen participants were recruited from the student and employee popula-

tion of the University of Twente. All participants gave written informed consent prior 
to the experiments. The participants were aged 24 ± 3 years (mean, M ± standard 
deviation, SD, range 18 to 29 years), seven participants were female, one participant 
was left-handed. The arm lengths measured from the wrist to the skin fold of the arm 
joint were 23 ± 2 cm. The protocol was approved by the Medical Ethical Board Twente 
(file number NL35875.044.11).

Electrocutaneous stimuli
The stimuli were applied using an eight-channel stimulator similar the ones 

used in previous studies of our group (Van der Heide et al., 2009; Roosink et al., 2011). 
Two different electrode configurations were used. 
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In the first five participants, Ambu “blue sensor BRS” cardiology electrodes 
were used, which are rectangular in shape and 1.5 by 2 cm in size. These  were placed 
on the dorsal lower arm and were spaced equidistantly between 20 and 80% of the 
length between elbow and wrist; this is the same method we used in Chapter 2. 
Stimuli through these electrodes are generally reported as dull in comparison to 
nociceptive electrocutaneous stimuli through needle electrodes, which are mostly 
perceived as a pricking or tingling sensation. In addition to the seven Ambu elec-
trodes, a single needle intra epidermal stimulation (IES) electrode was placed at the 
wrist (Inui and Kakigi, 2012). After performing the first five experiments, evaluation of 
the reported stimulus qualities (obtained following the procedure described below), 
revealed more sharp reports than we expected based on earlier work, therefore we 
changed to a different setup. However, as we will show, the change in electrodes did 
not affect this scoring behavior notably .

In the remaining ten participants, the compound electrodes described in 
Chapter 3 were used, which are capable of independently eliciting tactile and no-
ciceptive sensations. These devices consist of four disc electrodes and five needle 
electrodes, the latter are comparable to IES electrodes. The devices were spread out 
over the full length of the dorsal lower arm (between 0 and 100% of the elbow-wrist 
distance) and placed independently of each other. Instead of the IES electrode as 
used in the first five participants, the needle electrodes of the middle compound 
electrode was used.

For all participants, a reference electrode (a Protens 9x5 cm rectangular TENS 
electrode), was placed on the dorsal hand. All electric stimuli were cathodic pulses 
with a pulsewidth 0.21 ms. 

During the experiment, the perceived stimulus intensity was modified by ap-
plying stimuli with a varying number of pulses (NoP). The levels were NoP=1, NoP=3 
and NoP=7; an unequal increase in NoP was used because the effect of increas-
ing NoP on perceived stimulus intensity levels off for higher NoP (Van der Heide et 
al., 2009). The time between pulse onsets was 5 ms. The stimulus current for each 
stimulus electrode was 120% of the sensation threshold of that electrode.

Procedure
Before the electrodes were placed, the participants were seated and they put 

their bare non-dominant arm in an arm holder. A photograph was taken of the arm 
in the holder from the perspective of the participant. Following this, the participants’ 
view of their arm was obstructed by a tablet monitor (Provision Visboard VA122B, 
with a 22 inch diameter and a resolution of 34.15 pixels/cm) and the electrodes were 
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attached. Next, the tablet monitor was placed as close as possible to the arm and the 
photograph of the arm without electrodes was displayed. The photograph was scaled 
such that the participants reported their view arm of the displayed arm to match 
that of their real arm. This was followed by three experimental procedures: sensation 
threshold determination, assessment of stimulus qualities and intensities, and the 
actual localization experiment. After the localization experiment, a photograph was 
taken of the arm with electrodes. Participants were instructed to move their arm as 
little as possible, but were allowed to make small movements if they were uncom-
fortable.

Sensation thresholds
The sensation threshold was determined for each electrode in each partici-

pant. The threshold was defined as the amplitude for which a single pulse stimulus 
had a 50% chance of detection. This amplitude was determined using an adaptive 
staircase procedure as described in Chapter 3.

Quality and intensity assessment
Next, the perceived quality and intensity of the stimuli to be used for the lo-

calization experiment were assessed using quality and intensity visual analog scales, 
VAS (see Figure 5-1 and Chapter 3). These scales allow participants to report the per-
ceived intensity and quality of stimuli, which are then converted to numbers between 
0 and 10. These extreme values are labeled no sensations and strongest sensation im-
aginable for the intensity scale and dull and sharp for the quality scale. The aim of this 
procedure was to make sure that all stimuli during the subsequent localization ex-
periment were perceived as dull compared to needle electrode stimuli. If only stimuli 
through the seven surface electrodes would be applied during the VAS scoring pro-
cedure, there is a chance that all of them would be perceived as tactile, which would 
make it hard for participants to make quality judgments. For this reason, nociceptive 
stimuli were included in the procedure. These were applied either through the IES 
electrode at the wrist (for the five participants equipped with the Ambu electrodes) 
or through the needle electrodes of the middle compound stimulus device (for the 
other ten participants). Each stimulus level (NoP=1, 3 and 7) was applied four times 
at each site. The stimulus order was block randomized for each participant, with each 
block containing all stimulus conditions in a random order. If participants reported 
sharp sensations for the surface electrodes (quality scores higher than 5.00), this was 
interpreted as a sign of nociceptive co-activation and the stimulus currents (for the 
five participants with Ambu electrodes) or electrode placement (for the other ten 
participants) was changed for the relevant electrode(s).  If electrodes were moved to 
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another site, the sensation threshold for this electrode was determined again. After 
this, the quality and intensity assessment procedure was repeated. Following this, the 
localization procedure was performed. 

The final stimulus currents of the surface electrodes for the localization ex-
periment were 3.28 ± 1.19 (M ± SD) mA. The stimulus currents of the IES electrodes, 
which were only used during the quality-intensity assessment, was 0.63 ± 0.34 mA 
for the first five participants (who were fitted with an Inui IES electrode) and 
1.21 ± 0.61 mA for the other ten (who were stimulated through the needles of one of 
the compound electrodes).

Intensity

Quality

Strongest imaginable 
sensation

No sensation

Dull Sharp
Figure 5-1: Quality and intensity assessment scales as presented in Chapter 3. The per-
ceived intensity of a stimulus can be reported using the vertical intensity scale, which 
ranges from “no sensation” to “strongest sensation imaginable”. After reporting, the 
rating is stored as number between 0 (“no sensation”) and 10 (“strongest sensation 
imaginable”). The perceived quality is reported on the horizontal quality scale, which 
ranges from “dull” to “sharp”. These scores are stored as a number between 0 (“dull”) 
and 10 (“sharp”). By comparing the VAS scale results with label assignments, we dem-
onstrated that the dull half of the scale is associated with tactile sensations and the 
sharp half with nociceptive sensations. Before each scoring of a stimulus, the scales are 
preset as shown above, which corresponds to an intensity score of 0 and quality score 
of 5.
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Localization experiment
Participants localized the stimuli with their dominant hand by tapping with a 

pen on a photograph of their own arm, which was presented on the tablet screen 
overlaying the stimulated arm. During the localization procedure, each of the 21 dif-
ferent stimulus conditions (7 sites times 3 intensity levels) was applied 20 times. The 
amplitude settings of the final run of the quality/intensity assessment were used. The 
stimuli were randomized in blocks, each of which contained all 21 stimuli. A differ-
ent stimulus sequence was generated for each participant. At two points during the 
experiment, after 147 and 294 stimuli, the experiment was halted for a few minutes 
to allow the participants to rest. The median duration of the localization procedure 
was 78 minutes, ranging from 57 to 125 minutes.  

Analysis
All data preparation was performed in Matlab (version 7.13.0. Natick, Mas-

sachusetts: The MathWorks Inc., 2011). 

The four intensity and quality scores of the final run of the quality and inten-
sity assessment for each electrode site and stimulus level were averaged, resulting in 
21 scores for each participant.

The raw localization data was acquired as x-y coordinates in pixels, this was 
reduced to a single dimension by applying principal component analysis on the data 
of each participant separately and retaining the first principal component. After this, 
outliers were detected separately for each of the 21 conditions in each participant 
and excluded from further analysis. Outliers of each condition in a participant were 
defined as being 1.5 times the interquartile distance removed from the median local-
ization of that condition in that participant. In total, 105 of 7200 trials were removed 
from the dataset in this way.

The electrode sites were extracted in the same coordinate frame as the locali-
zations by scaling a photograph of each participants’ arm with electrodes to the 
arm without electrodes as it was presented on the tablet screen. Following this, the 
electrode sites of each participant were projected to the first principal component of 
the data of that participant.

Finally, the localization data and electrode sites were normalized to the arm 
length, with 0 being the elbow and 1 the wrist. For these calculations, the location 
of the outermost electrodes were used as reference. For the Ambu electrode setup, 
these were located at 0.2 and 0.8  times the arm length, for the compound electrode 
setup this was 0 and 1.
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From the localization data, we calculated the standard deviations (SD) and 
mean error of localization for each condition in each participant. The mean errors of 
localization were calculated as absolute distance between the mean localization of an 
electrode and its veridical location. Participants 8 and 9 did not perceive any sensa-
tion for some of the conditions during the quality and intensity scoring procedure 
(15 out of 315 cases in total). During the localization procedure, participant 6 did not 
detect stimuli for one additional condition, leading to a total of 16 missing cases for 
the absolute errors of localization. For the SDs, we excluded conditions for which the 
SD was calculated from less than 10 localization trials, leading to a total of 29 missing 
cases for the SD data.

Analysis of quality and intensity scores
A repeated measures analysis was performed on the participant and site aver-

aged intensity and quality scores. The intensity scores were log transformed before 
analysis to correct for skewness. The analysis was performed using the Linear Mixed 
Model (LMM) of PASW (SPSS 18.0, Chicago, Illinois: IBM SPSS Inc., 2009). The dataset 
had missing data; LMMs have the advantage that they can analyze data with missing 
cases without excluding participants with missing data as is the case in the General 
Linear Model. Fixed effects for Site, NoP and Site x NoP were modeled as repeated 
factors with diagonal covariance structure for the residuals. In addition, a random in-
tercept for Participants was added. The results from this analysis can be interpreted in 
the same way as a repeated measures ANOVA obtained through the General Linear 
Model procedure.

Analysis of the perceptual maps
Group level perceptual maps were analyzed by fitting an LMM on all data tri-

als in PASW 18. To test for a main effect of the different stimulus levels, NoP was 
modeled as a fixed categorical effect (three levels: NoP=1, NoP=3 and NoP=7). The 
slope was modeled by adding Stimulus site as fraction of the arm length (continu-
ous, ranging from 0 to 1) as fixed covariate as well as its interaction with NoP. This 
interaction resulted in a separate slope estimate for each level of NoP. To correct for a 
possible drift of the localizations over time, Repetition of each stimulus condition (in-
teger, ranging from 1 to 20) was modeled as covariate, as was its interaction with NoP. 
Because we wanted to test whether the slope for Stimulus site changed in the course 
of the experiment, an interaction between Repetition and Stimulus site was added 
as well. Random effects were added for Intercept, Stimulus site and Repetition. The 
random intercept accounted for differences in intercept between participants. The 
random slopes for Stimulus site and Repetition accounted for possible differences in 
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perceptual maps and drift over time between participants. To prevent different num-
bers of included trials between participants and sites from causing unequal influence 
of different stimulus sites on the fitted model, a weighting factor of one divided by 
the number of included trials for each NoP x Site x Participant condition was applied.

 

Standard deviations and localization errors
The effect of NoP on the localization SDs was tested by fitting a repeated 

measures LMM on the standard deviation data containing the same fixed and ran-
dom effects as the quality and intensity score analyses. To estimate whether differ-
ences in stimulus quality could be a confounder in this study, a between-subjects 
factor was added, which identified the sites with high quality scores from sites with 
low quality scores. This was done separately for each of the seven stimulus sites. The 
median quality score for a site was calculated and the participants were split in a 
high and a low quality group for that site based on this median. The resulting factor, 
named High/low quality score, was added at to the LMM as well as its interaction 
with NoP. Because of the exclusion of SDs calculated from less than 10 localization 
trials, the dataset had missing data. 

The absolute errors were analyzed using Friedman tests in Matlab. The factor 
for this analysis was NoP, for the nuisance factor all sites and participants were 
pooled. To investigate whether stimulus quality influenced the absolute errors, the 
absolute errors of the sites which received a high quality and low quality score (see 
above) were compared for each of the three stimulus levels using three Wilcoxon 
rank sum tests. 

Results

Quality and intensity scores
Figure 5-2A shows the reported intensity scores for all participants, sites and 

NoP. On average, pulse train modulation influenced the reported stimulus intensity, 
with a higher intensity being reported for increasing NoP (significant, see the LMM 
repeated measures results in presented in Table 5-1). No significant main effect was 
found for the difference in stimulation setup. Although there was a significant inter-
action of setup with NoP, both setups showed an increase in reported intensity with 
increasing NoP (see Appendix B1). The quality scores are presented in Figure 5-2B. 
There is an overall trend of increasing quality score with increasing NoP, this increase 
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Figure 5-2: Group average and participant averages of the intensity (A) and qual-
ity  (B) scores for each site and number of pulses. The scores are presented in ascend-
ing NoP and grouped per stimulus site. IES (Intra Epidermal Stimulation) refers to the 
needle electrodes which were used for the nociceptive reference stimulus.
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is significant (see Table 5-1). A total of 45 electrodes scored a quality score higher 
than 5, which is more towards that sharp end of the scale than towards the dull end. 
As was the case for the intensity scores, there is no significant main effect for the dif-
ference in setup, but there was an interaction of Setup with NoP, which for both set-
ups is caused by an increase in quality score with increasing NoP (see Appendix B1).

As a final test for the quality scores, we checked whether the surface elec-
trodes received a significantly lower (more dull) quality score than the needle elec-
trodes, which was the case (F(1,322) = 232, p < 0.001), with a mean quality score of 
8.3 for the needle electrodes and 3.8 for the surface electrodes.

The reported qualities and intensities differed between the participants 
equipped with the two different electrode layouts. However, both methods influ-
enced stimulus intensity and quality in the same manner, albeit to a slightly different 
degree. Therefore, the two setups do not differ in a relevant way and all localization 
data were subsequently pooled for analysis. 

Localizations
The localization data projected on the participants’ arms along with the elec-

trode placements are presented in Figure 5-4. The figure also shows the principal 
components of each participant to which the data were projected for further analy-
sis. The localizations patterns vary considerably between subjects, both with regard 
to the means and to the SDs. Linear regression fits of each separate participant are 
provided in Appendix B2 

Log intensity Quality
Factor df1 F p df1 F P
Stimulus site2 6/41 1.84 .114 6/52 1.49 .202
NoP3 2/153 106 <.001 2/137 14.9 <.001
Setup4 1/13 .021 .887 1/13 .258 .620
Stimulus site2 x NoP3 12/37 .464 .923 12/41 .358 .971
NoP3*Setup4 2/160 4.90 0.009 2/116 3.40 0.037
1df, approximate numerator/denominator degrees of freedom; 2Stimulus site is 
modeled as factor; 3NoP, Number of Pulses;  4Setup is a between-subjects factor

Table 5-1: Linear mixed model repeated measures analysis of intensity (log trans-
formed) and quality scores
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Perceptual maps
The results of the Linear Mixed Model (LMM) analysis on the localization trials 

are presented in Table 5-2. The analysis revealed a significant effect of NoP, Stimulus 
site and the interaction between these, which means that the slope of the regression 
models of localization as function stimulated site differ between intensity levels. No 
significant effects for Repetition and its interaction with Stimulus site were found, 
indicating that localizations did not drift in the course of the experiment. The LMM 
model as function of the significant predictors can be interpreted as a linear regres-

Figure 5-3: Regression fits of the group level perceptual maps. The figure shows the 
model fits of the Linear Mixed Model (LMM) on the data of all participants for the three 
levels of stimulus intensity. Example arms (participant 11) with and without electrodes  
are shown as reference.
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Figure 5-4: Perceptual maps of all participants for each experiment condition. The figure shows for 
each participant from top to bottom: 1. the electrode placement, 2. the means and standard devia-
tions of the NoP=1 stimuli, 3. for the NoP=3 stimuli and 4. for the NoP=7 simuli. The localizations 
are plotted as means with standard deviations in two directions. The orientation of the standard 



deviation ellipses was determined by applying a principal component analysis on the localization 
data of the separate electrodes. The grey bars represent the first principal component of all data of a 
participant, this is the line on which all data was projected for further analysis.
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sion model of the group level perceptual map and is presented in Figure 5-3. The 
figure shows the model fit as three linear regression fits, one for each intensity level. 
The regression model at the group level moves towards veridical (an intercept of 
0 and slope of 1) with increasing NoP. This effect is also present in most individual 
participants (see Appendix B2).

Trial-to-trial variance
The standard deviations of the localizations of each participant, site and NoP 

are shown in Figure 5-5A. The repeated measures analysis (see Table 5-3) revealed 
a significant main effect of Site, which Figure 5-5A shows to reflect a decrease in SD 
in the distal to proximal direction. Although the effect of NoP differs between par-
ticipants and sites, on average there is a significant downward trend in the SD with 
increasing NoP. No significant main effect of High/low quality score or interaction 
with NoP was found.

Systematic localization error 
The regression fit obtained through the LMM  as well as most of the partici-

pant-level regression fits move towards a slope of 1 and intercept of 0 for increasing 
NoP. This could mean that the perceptual maps move towards veridical for increasing 
NoP. To find out whether participants make smaller systematic errors for higher NoP, 
we tested whether the localizations of the separate electrode sites also move towards 
veridical with increasing NoP. Figure 5-5B presents the relative systematic errors for 
participants and experiment conditions; in many of the cases, the error decreases for 
an increasing NoP, but not for all. This reduction of the systematic error was signifi-

Factor df1 F p
NoP2 2/5222 6.93 .001
Stimulus site3 1/15.5 299 <.001
Repetition 1/21.9 .340 .566
NoP2 x Stimulus site3 2/5220 27.9 <.001
NoP2 x Repetition 2/5223 .047 .954
Repetition x Stimulus site3 1/5228 .192 .661
1df, approximate numerator/denominator degrees of 
freedom; 2NoP, Number of Pulses; 3Stimulus site is modeled 
as covariate

Table 5-2: Linear mixed model significance tests of localization data
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Figure 5-5: A. Standard deviations (SD) of all sites and participants for each NoP along 
with the group average. Note than an averaged SD is not the SD of all pooled data. 
B. Relative systematic localization errors. The figure presents the mean difference be-
tween the localization of each electrode and the electrode position of all sites and 
participants (grey) and the group means.
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cant (Friedmans’s ANOVA: Χ2(2) = 8.133, p = .017) . None of the three tests for differ-
ence between sites with high and low quality score for each of the stimulus levels was 
significant (see Appendix B1 for details).

Discussion
We performed a series of experiments to study the effect of stimulus intensity 

on localization of cutaneous stimuli. Non-painful electrocutaneous stimuli were ap-
plied at seven sites on the lower arm. Three levels of stimulus intensity were applied 
using a pulse train modulation paradigm. As hypothesized, increasing the physical 
stimulus intensity led to a decrease in standard deviations at the group level. This 
indicates that participants responded more consistently with increasing stimulus in-
tensity. Furthermore, the mean localization errors decreased with increasing stimulus 
intensity, which can be interpreted as an increase in localization accuracy. 

Participants reported over a contracted area which increased towards veridi-
cal with increasing stimulus intensity. Not all stimulus sites contribute to this effect 
to same extent, since the most distal electrodes have a larger decrease in mean mis-
localization with increasing intensity than the proximal ones. This expansion of the 
reported area may be the result of participants relying on a default position on the 
arm when localizing weak stimuli, but relying increasingly on the actual stimulus lo-
cations with increasing stimulus intensity.

Our intention was to apply non-nociceptive stimuli. However, the quality rat-
ings which participants assigned to the stimuli were often in the sharp part of the 
quality scale. In the study presented in Chapter 3, we associated this with nociceptive 
activity. In the present study, quality and intensity scores were both affected by NoP. 

Factor df1 F p
Stimulus site2 6/37 14.6 <.001
NoP3 2/87 8.20 .001
Stimulus site2 x NoP3 12/37 .856 .595
High quality4 1/201 1.11 .293
NoP3 x High quality4 2/148 .741 .478
1df, numerator/denominator degrees of freedom; 2NoP, 
Number of Pulses; 3Stimulus sites is modeled as factor; 
4Between-subjects factor distinguishing the sites with 
high and low quality scores at NoP=7

Table 5-3: Repeated measures analysis on localization standard deviations
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It is therefore possible that the effects of intensity on localizations are confounded 
by an effect of stimulus quality. In order to assess whether this was a major influence, 
we split the data in high quality and low quality halves and analyzed whether this 
distinction had a significant effect on localization SDs and absolute systematic errors. 
No significant effects of high/low quality were found. From this we conclude that, if 
there is an effect of increasing nociceptive content with increasing NoP, this effect 
was minor and that the effects of NoP on localization we found are due to an effect 
of stimulus intensity.  

The effect of NoP on quality score was different than what we found in Chap-
ter 3. There, the quality score for surface electrode stimuli was only slightly affected 
by NoP. However, the quality scores in the present study cannot be directly compared 
to those previous results because of differences in experiment design. In the current 
study, the vast majority of the stimuli during the quality scoring procedure were the 
surface electrode stimuli which we wanted to assess, together with a small number 
of nociceptive IES stimuli which were added as a reference. In our previous study on 
the other hand, the number of dull surface electrode stimuli and sharp needle elec-
trode stimuli were equal. Possibly, the unequal number of sharp and dull stimuli in 
the present study biased the quality scores. Furthermore, because of time constraints 
we only included four scoring trials for each stimulus whereas in the previous study 
this number was 30, the quality scores of which varied considerably between trials. 

Increasing the perceived stimulus intensity by varying the number of pulses in 
a stimulus is just one way in which the reliability, and consequently the trial-to-trial 
variance, of information about a stimulus can be modified. Stimulus duration and 
area may also influence reliability of sensory information. Because of differences in 
central processing between various cutaneous modalities, the parameters which in-
fluence spatial perception by modifying the reliability of sensory information may 
affect perception of these sensory modalities differently. We recently presented a 
paper in which we studied the difference in localization between electrically elic-
ited tactile and nociceptive stimuli. We found that in individual participants, tactile 
and nociceptive localizations differed. However, these differences were not consist-
ent between participants. We suggested that a difference in stimulus intensity may 
have contributed to this and that the effects we found therefore may not have been 
caused by a difference in tactile and nociceptive spatial perception. On the basis of 
the current study we cannot conclude whether this was indeed the case, but suggest 
that a study be set up in which localization of touch and nociception is compared and 
in which stimulus intensity is varied for both modalities. We expect to find the same 
effects for nociceptive stimuli as we found for tactile stimuli in the present study. 
Due to differences in central processing, the magnitude of these effects may differ 
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between modalities. If there is indeed an effect of both stimulus intensity and modal-
ity on localization, the chaotic differences we found between tactile and nociceptive 
localizations in individual participants have to persist in addition to the effects of 
stimulus intensity.

Perceptual maps of somatosensory stimuli may provide a means of studying 
distortions in spatial perception in patients suffering from pathologies which go hand 
in hand with anomalous body perception, like eating disorders (Guardia et al., 2010; 
Nico et al., 2010; Urgesi et al., 2011), fixed dystonia (Edwards et al., 2011), phantom 
sensations and complex regional pain syndrome (Reinersmann et al., 2012). If per-
ceptual maps are to be used for studying abnormal perception, then full knowledge 
is required about the way in which perceptual maps can vary in healthy participants 
and which influences are responsible for these changes. This includes multimodal 
influences, like the influence of gaze direction (Harrar and Harris, 2009), but also the 
influence of various stimulus parameters like stimulus modality (Mancini et al., 2011 
and Chapter 4 of this thesis) and the stimulus intensity which we presented in the 
present paper. As discussed above, more parameters may be relevant in this respect.

We conclude that varying the intensity of a cutaneous stimulus affects both 
the consistency and accuracy of the responses in localization experiments. The trial-
to-trial variance drops with higher stimulus intensity, but this effect was only found 
for the weakest stimulus conditions. The perceptual maps move towards veridical 
with increasing stimulus intensity, an effect which is connected to a reduction of the 
systematic error. For the intensities used in the current study, some distortions of 
perceptual maps remained for most participants. 
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General discussion
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The relation between perceptual maps and 
body representations

Chapter 1 stated that studying the relations between stimulus sites on the 
skin and the subsequently reported perceived locations may provide new insights 
into spatial processing in humans. By representing this relation as a perceptual map, 
it may be possible to observe properties of body representations underlying spatial 
perception in healthy subjects and, at a later stage, in patients. These body repre-
sentations are for the most part not available for introspection by the individual, 
which makes them difficult to study. If somatosensory perceptual maps indeed reflect 
body representations, then these could be used as a new method for studying spatial 
perception. The question is to what extent somatosensory maps reflect these body 
representations..

Body representations include a model of body shape, a body form represen-
tation. Since the shape of the body is constant under normal situations, perceptual 
maps should exhibit a considerable degree of reproducibility if they indeed reflect 
these representations. In Chapter 2 we found that this is the case for a time span 
of subsequent days. How stable perceptual maps are over longer periods of time is 
as yet unknown. Despite the fact that the shape of the body is constant under nor-
mal circumstances, body form representations are thought to undergo continuous 
changes under the influence of incoming sensory information (Longo et al., 2010; 
Serino & Haggard, 2010). In order to give a final answer to the question how stable 
somatosensory perceptual maps are over time, the perceptual maps of subjects need 
to be tracked over a timespan of multiple months.

While reproducibility of somatosensory perceptual maps is a necessary prop-
erty if these maps are to be used for studying body representations, it is not a suf-
ficient condition for this. Another property which perceptual maps must have, is sen-
sitivity to differences in these representations. Three observations from literature are 
consistent with this being the case, but some notes of caution apply to all three. The 
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first observation is that differences in perceptual maps have been found between 
subjects, both by Trojan et al. (2010; 2009; 2006) and in the studies presented in the 
Chapters 2, 4 and 5. These differences may be the result of differences in body rep-
resentations between subjects. However, as demonstrated in Chapters 4 and 5, per-
ceptual maps vary as a function of stimulus modality and intensity. Therefore, inter 
subject differences in perceptual maps may be the result of inter subject differences 
in stimulus parameters rather than in body representations. 

A second observation which is consistent with a sensitivity of perceptual maps 
to differences in internal body representations is that individual perceptual maps 
of laser stimuli on the arm can be disrupted by applying topical capsaicin (Tro-
jan et  al., 2009). Perceptual maps after application of capsaicin were generally con-
tracted in comparison to perceptual maps before application, which may be the re-
sult of an expanded representation of the treated arm (Gandevia & Phegan, 1999; 
Trojan, 2007). However, while this study demonstrates sensitivity of nociceptive per-
ceptual maps to this treatment, this effect is not necessarily mediated by changes in 
body representations. Capsaicin causes denervation of capsaicin-sensitive nocicep-
tors (Nolano et al., 1999). This treatment may therefore reduce the number of recruit-
ed afferent fibers during stimulation and, consequently, the amount of information 
reaching the central nervous system following these stimuli. The contractions of the 
perceptual maps could therefore be the result of a reduction in stimulus intensity 
analogous to the effects of pulse train modulation in Chapter 5 of this thesis.

The third observation supporting sensitivity of perceptual maps to differences 
in body representations is provided by comparing somatosensory perceptual maps 
with reported locations of joint positions in the hand. When asking subjects to report 
the location of joints without view of the hand, these reports are distorted compared 
to reality, with the fingers being contracted and the joints being mislocalized in the 
distal direction (Longo & Haggard, 2010). The authors interpret these findings as 
representing a distorted body form representation. Mancini et al. (2011) presented 
a group level perceptual map of tactile localizations of the hand which included the 
same area which was measured by Longo et al. (2010). On the dorsum of the hand, 
this perceptual map was distorted in the same manner as the body from reports 
by Longo et al. (2010). If the claim by Longo et al. (2010) that this distorted shape 
reflects body form representations is correct, then it is likely that the likewise dis-
torted perceptual map found by Mancini et al. (2011) reflects these representations. 
However, the procedure by Longo et al. (2010) requires subjects to refer to conscious 
knowledge of joint positions and may therefore rely heavily on the body image.

These three observations combined with the reproducibility of perceptual 
maps presented in Chapter 2 are suggestive of perceptual maps reflecting body form 



115

General discussion

representations, but do not actually proof this hypothesis. Proving it would require 
an independent measurement of body form representations, for which no meth-
od is available. Research will therefore have to focus on accumulating observations 
which are consistent or inconsistent with the hypothesis. Further indications that 
somatosensory maps are sensitive to differences in body representations could be 
provided by performing experiments in which within-subject changes in body repre-
sentations are established and studying the effects of these changes on perceptual 
maps. Eliciting these changes may be possible by influencing the body image with 
distorted visual information of the body, as was done by Kennett et al. (2001), or by 
locally anaesthetizing body parts (Gandevia & Phegan, 1999). Another possibility is 
following subjects in the course of the development of pathologies which have been 
shown or suggested to go hand in hand with a distortion in body representations. 
Since somatosensory localization experiments are an indirect way of measuring body 
representations, some established methods for measuring aspects of these repre-
sentations should be included as reference, like action-anticipation tasks involving 
judgments whether a body part fits through apertures of various sizes (Guardia et 
al., 2010). This procedure results in a measure for body size overestimation, which 
may be reflected in perceptual maps as a contracted area of localization as compared 
to the real stimulus sites. 

Tactile and nociceptive perceptual maps
Although central processing of tactile and nociceptive information differs, 

both types of sensory information can arise from the same site on the skin. Both 
types are presumably referenced to the same body representations to obtain infor-
mation about the location of origin (Mancini et al., 2011). The common origin of the 
information and the involvement of the same body representations would imply that 
tactile and nociceptive perceptual maps have similar properties. The differences in 
central processing, on the other hand, may lead to differences in the way in which 
these modalities are related to body representations and consequently to differences 
in perceptual maps. Chapter 3 introduced a stimulation method which allowed stud-
ying the perceptual maps of tactile and nociceptive stimuli in the same experiment 
setting. In Chapter 4 this method was used in a localization study. The resulting tactile 
and nociceptive perceptual maps indeed show some degree of agreement, but this 
agreement was relatively small. Perceptual maps differed subtly at the group level 
and to varying degrees in individual subjects. These results are compatible with the 
conclusion by Mancini et al. (2011) that common body representations are involved 
in spatial perception of both touch and nociception. The same authors also suggest-
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ed that these representations receive information from separate primary representa-
tions; the subject-level differences presented in Chapter 4 are consistent with this.

In Chapter 4, a possible confounding effect of uncontrolled stimulus param-
eters in assessing the effect of stimulus modality was mentioned. One of these pa-
rameters is the perceived intensity of the stimuli. In Chapter 4, the stimuli in an ex-
periment all had the same number of pulses and the stimulus currents were based on 
the threshold currents. However, no attempt was made to make the perceived stimu-
lus intensities in an experiment similar for the different stimulus sites and stimulus 
modalities and this parameter is therefore a possible confounder. In Chapter 5 we 
demonstrated that varying the intensity of the stimuli using pulse train modulation 
indeed influenced localization. From this, no conclusions can be drawn as to whether 
the effects found in Chapter 4 are the result of perceived stimulus intensity rather 
than modality. It is possible that both modality and intensity have an effect. The 
question whether perceptual maps of touch and nociception differ therefore remains 
unanswered. 

Further studies of possible differences between tactile and nociceptive locali-
zation will need to involve controlling the parameters which influence spatial per-
ception. Besides the effect of pulse train modulation, which can be seen as short-
timescale temporal summation, the effect of stimulated area may also have an effect 
through spatial summation. Stimulus duration may also have an effect. All these pa-
rameters influence the amount of incoming sensory information and consequently 
the reliability of sensory information. The influence of these parameters would need 
to be studied for both modalities. 

Although it may be possible to control all parameters which influence percep-
tual maps, choosing one suitable set of parameters may not be enough to mean-
ingfully compare localization of different modalities. If a stimulus parameter, say in-
tensity, influences both tactile and nociceptive perceptual maps, it may do so in a 
different way because of differences in central processing between these modalities. 
For instance, doubling the number of afferent action potentials through pulse train 
modulation in a tactile fiber population may lead to different effects on perceived 
intensity than doubling this number in nociceptive fibers. Answering whether per-
ceptual maps of touch and nociception differ may therefore not be possible in an 
absolute sense. It may be more fruitful to study the effects of relevant stimulus pa-
rameters to determine within what limits the perceptual maps of these modalities can 
vary and compare these limits.

Classifying cutaneous modalities as tactile or nociceptive makes sense from 
the point of view of their difference in function: touch is primarily used for explora-
tion of the surroundings, while nociception serves mostly as a warning system (Hol-
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lins, 2010). On the other hand, within both modalities of cutaneous senses submo-
dalities can be distinguished which respond to different physical stimuli and are 
processed differently in the central nervous system. Over the years, the existence of 
various cutaneous submodalities has been demonstrated (Craig & Rollman, 1999; 
Hollins, 2010). For touch, research has been performed on the columnar organiza-
tion of primary sensory cortices in primates, which has shown that different tactile 
submodalities primarily activate different cortical spots (see Chapter 4). The question 
is whether these differences lead to differences in perceived location. From the point 
of view of everyday performance, such a difference would likely not be relevant. Any 
real-life non-experimental stimulus would simultaneously activate multiple receptor 
types, resulting in activity over an extended surface of the primary sensory cortex. 
From a theoretical point of view, on the other hand, this question is relevant. Exactly 
what the role of the primary somatosensory cortex is in perception is unclear. If its or-
ganization directly facilitates perception on the body surface, then small differences 
in columnar organization between tactile submodalities may lead to differences in 
perception.

Perceptual maps in healthy subjects and 
patients

In the studies presented in this thesis, perceptual maps were recorded on the 
dorsal lower arm. Although studying one body part is sufficient for studying spe-
cific aspects like reproducibility and the influence of stimulus parameters, it does 
not provide full information about body representations. Studying perceptual maps 
over the full body surface is an interesting prospect since it would allow comparison 
between perceptual maps and whole-body outcome measures like body size over-
estimation (Guardia et al., 2010). It would also allow studying what the consequence 
is of enlarged representations of specific body parts, as described by Gandevia et 
al. (1999), for representations of other body parts. Before recording whole-body per-
ceptual maps becomes a possibility, advances in the analysis of perceptual maps and 
in methods for reporting and stimulation need to be made.

Assessing perceptual maps at a site-by-site basis by calculating mean locali-
zations for each stimulus position requires a substantial number of trials. For the 
arm alone, this results in experiments with a duration of between 30 and 90 minutes. 
In Chapters 2 and 4, a linear regression model was fitted on the localization data. 
Trojan et al. (2006) demonstrated that for the lower arm, this model explains most 
of the variability in localizations of individual subjects. In Chapter 2, we showed that 
the regression parameters, slope and intercept, can be determined in a reproducible 
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manner using less stimuli for the whole arm than are required when assessing the 
perceptual maps at individual sites. If we generalize this to the body in general, this 
means that properties of perceptual maps of specific body parts can be captured ef-
ficiently by using suitable statistical models. To do this, we need to know what these 
properties are. If these can be identified, it would become possible to determine 
them with a minimum number of trials in subsequent experiments. This would allow 
assessing the perceptual map on multiple body sites, perhaps even the whole body, 
in a single experiment.

In Chapters 2, 4 and 5, cutaneous stimuli were localized on a tablet monitor. 
This method is not suitable for all body parts. If full body perceptual maps are to be 
constructed, a different method is required. Localizing stimuli by pointing on the 
body itself, as was done by Trojan et al. (2006), has less restrictions since it does not 
involve placing a scale close to the body.

Obtaining a full body perceptual map by using electrocutaneous stimulation 
is not a viable option. Sensation threshold currents vary considerably between sites 
and subjects and therefore have to be determined separately for each electrode, 
which is time consuming. Laser stimuli do not have this requirement. They have the 
additional advantage that they are invisible and therefore the body does not have to 
be obscured from view and replaced with an artificial scale for reporting. The down-
side is that this method restricts the experiments to the painful and non-painful heat 
modalities. 

In Chapter 1, a number of pathological states were introduced which involve, 
or are hypothesized to involve, distortions in body representations. Two ways come 
to mind in which the recording of perceptual maps can be used to studies these dis-
torted representations. The first is comparing perceptual maps of patients with those 
of healthy controls. This is only possible if the between-subject variability of percep-
tual maps can be reduced to such an extent, that abnormalities in patient perceptual 
maps deviate clearly from perceptual maps of healthy subjects. Whether this is pos-
sible will depend the extent to which this between-subject variability is controllable 
by controlling experimental conditions and stimulus parameters, some of which may 
not have been identified yet. There is a possibility that perceptual maps will become 
equal to veridical if we can control all experimental aspects and stimulus parameters. 
In that case, comparing perceptual maps of patients to maps of healthy subjects may 
proof to be a straightforward assessment of the magnitudes of expansions or con-
tractions of perceptual maps in relation to veridical. Another possible way in which 
patients may differ from healthy controls, is in a mismatch between mappings of dif-
ferent cutaneous modalities to common body representations, which would lead to 
differences in perceptual maps. 



119

General discussion

It may turn out that body representations are not an exact model of the body 
and that consequently perceptual maps still vary considerably between subjects even 
if all relevant influences are controlled. In that case, a different strategy is required 
for studying abnormalities through perceptual maps since abnormalities in a patient 
may not be distinguishable from the variability in healthy subjects. Research could 
then focus on tracking the perceptual maps of patients with developing conditions 
over time and see if there are changes in perceptual maps which do not occur in 
healthy subjects. For this, a baseline will need to be established to what extent per-
ceptual maps are stable in healthy subjects over a longer timespan than in the study 
presented in Chapter 2.

Concluding remarks
In this thesis, a number of factors influencing perceptual maps were investi-

gated. It was shown that perceptual maps are reproducible on subsequent days and 
therefore reflect a stable property of spatial processing, possibly of body represen-
tations. Perceptual maps of cutaneous stimuli were shown to be sensitive to differ-
ences in stimulus intensity and possibly in stimulus modality. Knowledge about these 
influences may help in developing methods for recording perceptual maps without 
these being biased by influences from uncontrolled experiment parameters. This will 
increase the usefulness of perceptual maps as a tool for studying body representa-
tions in healthy subjects and patients.  
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Representations of the body play a key role in spatial perception of stimuli on 

the body and in motor task performance. There are indications that body representa-
tions are abnormal in some pathologies. These representations exert their influence 
on perception and behavior without the individual being aware of them. Their prop-
erties can therefore not be reported and are consequently not easily available for sci-
entific investigation. It may be possible to study these representations through their 
influence on spatial perception of cutaneous stimuli. Before using spatial perception 
for studying body representations in pathological states, knowledge is needed about 
the properties of spatial perception in non-pathological states. This is the topic of 
the current thesis.

Spatial perception of cutaneous stimuli can be studied by conducting locali-
zation experiments. In these experiments, somatosensory stimuli are applied on the 
skin surface and subjects report the perceived location of these stimuli. These reports 
deviate considerably from the stimulated sites in a manner which differs between 
subjects and body parts. By recording localizations over an extended skin surface, a 
perceptual map can be constructed which describes the pattern of (mis)localization 
as a function of the stimulated sites. Because of the involvement of body representa-
tions in spatial perception of stimuli on the body surface, somatosensory perceptual 
maps may reflect properties of body representations. If this is the case, then percep-
tual maps may be a method for studying these representations.

Perceptual maps vary considerably between subjects and it is unknown 
whether these differences reflect individual properties of body representations or 
whether they are the result of differences in experimental parameters. Therefore, 
before perceptual maps can be used for studying body representations, more knowl-
edge is required about the factors which influence perceptual maps. This thesis ex-
plores the influence of a number of stimulus parameters on perceptual maps. Body 
form representations reflect the shape of the body, which under normal circumstanc-
es is constant. If perceptual maps indeed reflect body representations, these maps 
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addressed in Chapter 2. Differences in central processing between touch and noci-
ception suggest that spatial perception of touch and nociception may not coincide, 
which may result in differences in perceptual maps of these modalities. Chapter 4 
presents the results of a study in which these maps were compared for the lower 
arm. Performing these experiments required the development of a new stimulation 
method which allows independent elicitation of tactile and nociceptive sensations at 
the same skin site. For this, a compound stimulation electrode was developed, which 
is presented in Chapter 3. The effect of stimulus intensity on spatial perception of cu-
taneous stimuli is rarely addressed in literature; this aspect of cutaneous perception 
is explored in Chapter 5.

Chapter 2 presents a study in which the reproducibility of perceptual maps on 
consecutive days was assessed. Subjects received non-painful electrocutaneous stim-
uli on the lower arm and localized these stimuli on a photograph of their own arm, 
which was presented on a tablet screen. The reproducibility of perceptual maps was 
assessed in two ways. First, the reproducibility of localizations of stimuli through 
separate electrodes was determined. Secondly, linear regression models were fit on 
the localization data of individual subjects as function of the veridical stimulus sites. 
The two regression parameters, slope and intercept, reflect scaling of the area over 
which subjects reported and displacements of this area in the proximal/distal direc-
tion. These parameters therefore quantify properties of the whole perceptual map, 
rather than of individual stimulus sites. Reproducibility of localizations of stimuli from 
separate electrode sites differed between sites. The slope and intercept of the indi-
vidual regression models exhibited a high degree of reproducibility. We conclude 
that perceptual maps have highly reproducible features, which may be the result of 
these maps reflecting body representations. 

Chapter 3 presents a compound stimulation electrode which can elicit tactile 
and nociceptive sensations at the same site. Each compound electrode consists of an 
array of two component electrode types: disc electrodes for activating tactile affer-
ents and needle electrodes for activating nociceptive afferents. The performance of 
the stimulation method was assessed by stimulating subjects with the disc and nee-
dle electrodes at two different intensity levels. The stimulus intensity was varied by 
using pulse train modulation. Subjects reported the perceived quality and intensity 
scores of the stimuli. The two electrode types received different quality ratings, which 
correspond to stimulus qualities of tactile and nociceptive stimuli. Furthermore, the 
intensity reports by the subjects demonstrated that pulse train modulation success-
fully influenced the perceived stimulus intensities of both needle and disc electrodes. 
The compound electrode is therefore capable of inducing both tactile and nocicep-
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tive sensations at the same site and the intensity of both stimulus types can be modi-
fied by using pulse train modulation.

Common body representations are involved in spatial perception of cutane-
ous touch and nociception. Nevertheless, differences in central processing, partic-
ularly in primary sensory representations, suggest that spatial perception of these 
modalities may not be exactly the same. As a consequence, perceptual maps of these 
modalities in an individual may differ. Other researchers already studied perceptual 
maps of touch and nociception at the group level. They found similarities, indicating 
that common body representations are involved in spatial perception of these mo-
dalities. Since perceptual maps exhibit considerable inter-subject variability, possible 
differences in perceptual maps between touch and nociception may differ in nature 
between subjects and therefore not be observable when studying these maps at the 
group level. Therefore, in the study presented in Chapter 4 we studied the differ-
ences and similarities of tactile and nociceptive perceptual maps at the subject level. 
Using the stimulation method described in Chapter 3, tactile and nociceptive elec-
trocutaneous stimuli were applied on the lower arm. Subjects localized the stimuli in 
the same manner as in Chapter 2. The perceptual maps were tested for differences 
between tactile and nociceptive modalities at the individual level and at the group 
level. Furthermore, the agreement between perceptual maps of the two modalities 
was assessed. Tactile and nociceptive maps differed at the group level. At the indi-
vidual level, some subjects exhibited differences between modalities, while others 
did not. The agreement between tactile and nociceptive perceptual maps was low as 
compared to those calculated within the same modality. These results are consistent 
with common body representations which underlie perception of both modalities 
and which receives information from different primary representations. 

In the study presented in Chapter 5, we investigated the effect of stimulus 
intensity on perceptual maps. In this study, subjects were stimulated on the lower 
arm with non-painful electrocutaneous stimuli of which the perceived intensity was 
varied using pulse train modulation. Subjects localized these stimuli using the same 
method as in Chapters 2 and 4. Increasing the stimulus intensity reduced the trial-
to-trial variance of the localizations. In addition, the perceptual maps changed in the 
direction of the veridical stimulus positions, but did not become equal to veridical. 
This demonstrates that with increasing stimulus intensity, subjects localize more con-
sistently and more accurately. Since stimulus intensity was not controlled in the study 
presented in Chapter 4, some of the differences between the tactile and nociceptive 
conditions may have been the result of differences in intensity rather than modality. 
The effects of stimulus intensity on somatosensory perceptual maps suggest that 
perceptual maps can be more reliably recorded with stronger stimuli. 
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body representations. In Chapter 2 it was demonstrated that perceptual maps are 
reproducible over time, which is a necessary property if they indeed reflect body 
representations. Another question is whether they are actually sensitive to differ-
ences in body representations. This has not been studied yet and this topic there-
fore requires investigation. In Chapters 4 and 5 it was demonstrated that perceptual 
maps are sensitive to stimulus intensity and that they may differ between cutaneous 
modalities. These and other, as yet unidentified, parameters may be the cause of 
inter-subject differences in perceptual maps which were reported both in this thesis 
and in literature. Knowledge of all aspects which influence perceptual maps would 
be useful if this method is to be used for studying body representations in patients 
and healthy subjects. Studies in patients require knowledge of the limits within which 
a perceptual map constitutes normal spatial perception. For this, information needs 
to be gathered about the experimental parameters which influence somatosensory 
perceptual maps and which therefore may add variance to the data when they are 
not controlled. The work in this thesis is a step in this direction.
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Interne representaties van het lichaam spelen een belangrijke rol bij de 

ruimtelijk waarneming van stimuli op het lichaam en bij het coördineren van bewe-
ging. Er zijn aanwijzingen dat deze lichaamsrepresentaties verstoord zijn bij bepaal-
de aandoeningen. Lichaamsrepresentaties vervullen hun rol in perceptie en gedrag 
zonder dat het individu zich daarvan bewust is. Hierdoor kunnen de eigenschap-
pen ervan niet gerapporteerd worden en zijn deze dus moeilijk toegankelijk voor 
wetenschappelijk onderzoek. Het is wellicht mogelijk om lichaamsrepresentaties te 
bestuderen aan de hand van hun invloed op de ruimtelijke waarneming van cutane 
stimuli. Voordat deze ruimtelijke waarneming benut kan worden voor het bestuderen 
van door aandoeningen verstoorde lichaamsrepresentaties, moet er kennis vergaard 
worden over de eigenschappen van ruimtelijke waarneming die niet verstoord is 
door een aandoening. Dat is het onderwerp dit proefschrift.

De ruimtelijke waarneming van stimuli op het huidoppervlak kan bestudeerd 
worden door het doen van lokalisatie-experimenten. Bij dit soort experimenten 
worden somatosensorische stimuli aangeboden op het lichaamsoppervlak en wordt 
aan proefpersonen gevraagd om de waargenomen locatie hiervan aan te geven. 
De gerapporteerde locaties variëren doorgaans aanzienlijk van de plaats waarop de 
stimuli zijn aangeboden. De aard van de afwijkingen verschilt per proefpersoon en 
lichaamsdeel. Door lokalisaties te verzamelen over een deel van het lichaamsop-
pervlak kan er een soort plattegrond van de waarnemingen gemaakt worden, een 
waarnemingskaart, die een beschrijving geeft van de (verstoorde) waarneming als 
functie van de gestimuleerde locaties. Doordat lichaamsrepresentaties betrokken zijn 
bij de ruimtelijke waarneming van stimuli op het lichaamsoppervlak, is het denkbaar 
dat waarnemingskaarten een afspiegeling zijn van eigenschappen van lichaamsre-
presentaties. Als dit inderdaad het geval is, dan kunnen waarnemingskaarten benut 
worden om lichaamsrepresentaties te bestuderen.

Waarnemingskaarten verschillen per proefpersoon en het is onbekend of 
deze verschillen een afspiegeling zijn van verschillen in lichaamsrepresentaties of dat 



126 ze het gevolg zijn van verschillen in experimentele omstandigheden. Het is daarom 
van belang om meer inzicht te krijgen in de factoren die van invloed zijn op waarne-
mingskaarten voordat deze benut worden voor het bestuderen van lichaamsrepre-
sentaties. 

Dit proefschrift verkent een aantal stimulusparameters die mogelijk van in-
vloed zijn op waarnemingskaarten. Representaties van de vorm van het lichaam zijn 
een weergave van het lichaam, welke onder normale omstandigheden constant is 
van vorm. Als waarnemingskaarten inderdaad eigenschappen van lichaamsrepresen-
taties weerspiegelen, dan zouden deze kaarten een zekere mate van reproduceer-
baarheid moeten hebben over tijd. Deze reproduceerbaarheid wordt onderzocht in 
Hoofdstuk 2. Verschillen in neurale verwerking tussen tast en nociceptie zouden er 
op kunnen wijzen dat de ruimtelijke waarneming van deze modaliteiten niet samen-
valt, wat zou kunnen leiden tot verschillen in waarnemingskaarten. Hoofdstuk 4 
beschrijft de resultaten van een onderzoek waarin deze kaarten voor de onderarm 
werden vergeleken. Voor de uitvoering van deze experimenten was een nieuwe 
stimulatiemethode nodig die het mogelijk maakt om tactiele en nociceptieve stimuli 
onafhankelijk van elkaar aan te bieden op dezelfde plaats op de huid. Hiervoor is 
een samengestelde stimulatie-elektrode ontwikkeld; de ontwikkeling hiervan wordt 
beschreven in Hoofdstuk 3. De invloed van stimulussterkte op de ruimtelijke waarne-
ming van cutane stimuli is een onderwerp dat onderbelicht is in de wetenschappe-
lijke literatuur; dit aspect van cutane perceptie wordt verkend is Hoofdstuk 5.

Hoofdstuk 2 beschrijft een onderzoek naar de reproduceerbaarheid van 
waarnemingskaarten op opeenvolgende dagen. De proefpersonen kregen niet-pijn-
lijke elektrocutane stimuli aangeboden op hun onderarm en lokaliseerden deze op 
een foto van hun eigen arm, welke getoond werd op een tabletmonitor. De repro-
duceerbaarheid van de waarnemingskaarten werd op twee manieren geanalyseerd. 
Ten eerste werd de reproduceerbaarheid van de lokalisaties van stimuli van afzonder-
lijke elektrodeposities bepaald. Ten tweede werd een lineair regressiemodel gefit op 
de lokalisatiedata per experiment van iedere proefpersoon. De twee regressiepara-
meters, helling en intercept, kwantificeren de schaling en de verschuiving in distale/
proximale richting van het gebied waarover gelokaliseerd werd in verhouding tot 
de daadwerkelijke stimulusposities. Deze getallen zijn een maat voor eigenschap-
pen van de waarnemingskaart als geheel en niet van afzonderlijke stimulus posities. 
De reproduceerbaarheid van de lokalisaties van de afzonderlijke elektrodeposities 
varieerde per positie. De helling en intercept van de regressiemodellen vertoonden 
een hoge mate van reproduceerbaarheid. Hieruit concluderen we dat waarnemings-
kaarten zeer reproduceerbare eigenschappen hebben die mogelijkerwijs het gevolg 
zijn van hun relatie tot lichaamsrepresentaties.
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Samenvatting

In Hoofdstuk 3 wordt een samengestelde elektrode beschreven die tactiele en 
nociceptieve sensaties op dezelfde plaats op kan wekken. Iedere samengestelde 
elektrode bestaat uit een reeks van twee elektrodetypen: schijfvormige elektrodes, 
waarmee tactiele afferenten kunnen worden geactiveerd, en naaldelektrodes voor 
de activatie van nociceptieve afferenten. We onderzochten de effectiviteit van de 
stimulatiemethode door proefpersonen stimuli met twee intensiteiten aan te bieden 
door de schijf- en naaldelektrodes. De stimulusintensiteit werd gevarieerd door pul-
strein-modulatie.  De proefpersonen deden verslag van de waargenomen kwaliteit 
en intensiteit van de stimuli. De twee soorten elektrodes kregen verschillende 
kwaliteits-scores toebedeeld, welke overeenkwamen met de kwaliteit van tast en 
nociceptie. De gerapporteerde intensiteiten gaven aan dat pulstreinmodulatie een 
geschikte me-thode was voor het variëren van de waargenomen stimulusintensiteit 
van zowel de schijf- als de naaldelektrodes. We concluderen dan ook dat het met 
de samengestelde elektrode mogelijk is om tactiele als nociceptieve sensaties op 
dezelfde plaats op te wekken en dat de intensiteit van beide gevarieerd kan worden 
met pulstreinmodulatie.

Bij de ruimtelijke waarneming van tast en nociceptie zijn dezelfde lichaams-
representaties betrokken. Daar staat tegenover dat verschillen in centrale verwer-
king, vooral in de primaire somatosensorische cortex, erop wijzen dat de ruimtelijke 
waarneming van deze modaliteiten niet exact gelijk zou kunnen zijn. Dientengevolge 
zouden de waarnemingskaarten van deze modaliteiten kunnen verschillen. Andere 
wetenschappers hebben reeds onderzoek gedaan naar deze verschillen op groeps-
niveau. Ze vonden overeenkomsten, wat erop wijst dat dezelfde lichaamsrepresenta-
ties betrokken zijn bij de ruimtelijke waarneming van deze modaliteiten. Aangezien 
waarnemingskaarten sterk variëren tussen individuen, is het mogelijk dat waarne-
mingskaarten van tast en nociceptie verschillen binnen individuen, maar op een 
manier die niet zichtbaar is in het groepsgemiddelde. In de studie beschreven in 
Hoofdstuk 4 onderzochten we daarom de verschillen en overeenkomsten in tac-
tiele en nociceptieve waarnemingskaarten op individueel niveau. Met behulp van 
de stimulatiemethode die beschreven is in Hoofdstuk 3 werden tactiele en nocicep-
tieve stimuli aangeboden op de onderarm. De proefpersonen lokaliseerden deze 
stimuli op dezelfde wijze als in Hoofdstuk 2. De waarnemingskaarten werden op 
zowel individueel als groepsniveau getest op verschillen tussen tast en nociceptie. 
Eveneens werd de overeenkomst tussen deze waarnemingskaarten bepaald. De tac-
tiele en nociceptieve waarnemingskaarten verschilden op groepsniveau. Bij sommige 
proefpersonen waren er verschillen tussen de modaliteiten, maar niet bij iedereen. 
De overeenkomst tussen tactiele en nociceptieve kaarten was laag in vergelijking tot 
de overeenkomsten binnen dezelfde modaliteit. Deze resultaten zijn in overeenstem-



128 ming met het bestaan van algemene lichaamsrepresentaties die ten grondslag liggen 
aan de ruimtelijke waarneming van beide modaliteiten en die informatie ontvangen 
van verschillende primaire representaties.

In het onderzoek beschreven in Hoofdstuk 5 onderzochten we het effect van 
stimulusintensiteit op waarnemingskaarten. Proefpersonen ontvingen niet-pijnlijke 
stimuli op hun onderarm waarvan de intensiteit werd gevarieerd met pulstreinmo-
dulatie. De proefpersonen lokaliseerden de stimuli op dezelfde wijze als in Hoofd-
stuk 2 en 4. Het verhogen van de stimulusintensiteit verkleinde de variantie tussen 
de lokalisaties. Ook zorgde het voor verandering van de waarnemingskaarten in de 
richting van de echte stimulusposities, maar de kaarten werden niet gelijk hieraan. 
Bij toenemende stimulusintensiteit lokaliseerden proefpersonen dus consistenter en 
nauwkeuriger. Aangezien in het onderzoek van Hoofdstuk 4 de stimulusintensiteiten 
niet gecontroleerd werden, is het mogelijk dat een deel van de gevonden verschillen 
in ruimtelijke waarneming tussen tast en nociceptie het gevolg zijn van verschillen in 
intensiteit in plaats van modaliteit. Het effect van stimulusintensiteit op somatosen-
sorische waarnemingskaarten wijst erop dat deze kaarten betrouwbaarder gemeten 
kunnen worden met behulp van sterkere stimuli.

In Hoofdstuk 1 werd de hypothese opgeworpen dat waarnemingskaarten ge-
bruikt kunnen worden om lichaamsrepresentaties te bestuderen. In Hoofdstuk 2 
vonden we dat waarnemingskaarten reproduceerbaar zijn over tijd. Dit is een 
noodzakelijke voorwaarde waaraan ze moeten voldoen om inderdaad lichaams-
representaties te weerspiegelen. Een andere belangrijke vraag is of waarnemings-
kaarten ook gevoelig zijn voor verschillen in lichaamsrepresentaties. Hier moet nog 
onderzoek naar gedaan worden. Hoofdstuk 4 en 5 lieten zien dat waarnemings-
kaarten gevoelig zijn voor verschillen in stimulusintensiteit en mogelijk modaliteit. 
Deze en andere, nog te identificeren, parameters kunnen zorgen voor verschillen 
in waarnemingskaarten tussen proefpersonen zoals deze gevonden werden in het 
onderzoek in dit proefschrift en in andere onderzoeken. Een overzicht van alle as-
pecten die waarnemingskaarten beïnvloeden zou nuttig zijn als deze kaarten ge-
bruikt gaan worden voor onderzoek bij zowel gezonde proefpersonen als patiënten.  
Voor onderzoek met patiënten is het nodig om te weten binnen welke grenzen een 
waarnemingskaart het resultaat is van normale ruimtelijke waarneming. Hiervoor  
dient informatie verzameld te worden met betrekking tot alle experimentele para-
meters die van invloed zijn op waarnemingskaarten en die daardoor variantie kun-
nen toevoegen aan de resultaten wanneer ze niet beheerst worden. Het werk in dit 
proefschrift is een stap in deze richting.
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136 Appendix A (Chapter 3)

1. Means and standard deviations of the quality and 
intensity VAS scores of individual subjects
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140 2. Intraclass correlations calculated separately for ex-
periment series 1 and 2 of Chapter 3.

ICCs with 95% CI of the thresholds and VAS of experiment series 1
 Needle electrodes Disc electrodes

 NoP=1 NoP=5 NoP=1 NoP=5
Threshold 0.66 [-.27, .91] 0.82 [ .32, .95]
Quality 0.94 [ .78, .99] 0.96 [.83, .99] 0.91 [ .66, .98] 0.78 [ .18, .95]
Intensity 0.71 [-.11, .93] 0.96 [.85, .99] 0.69 [-.19, .92] 0.62 [-.42, .91]

ICCs with 95% CI of the thresholds and VAS of experiment series 2
 Needle electrodes Disc electrodes

 NoP=1 NoP=5 NoP=1 NoP=5
Threshold 0.76 [.36, .91] 0.29 [-.85, .73]
Quality 0.76 [.37, .91] 0.89 [.71, .96] 0.97 [ .92,.99] 0.89 [.68, .95]
Intensity 0.67 [.15, .88] 0.74 [.32, .90] 0.92 [ .80, .97] 0.89 [.70, .96]
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Appendix B (Chapter 5)

1. Additional statistical tests
Mean quality and intensity scores for each NoP split over the two electrode 

setups (Ambu surface electrodes and IES needle elexctrode in the first 5 participants, 
compound electrodes in the remaining 10).

Intensity Quality
NoP Ambu/IES Compound Ambu/IES Compound

1 0.83 0.73 3.25 3.06
3 1.90 2.26 3.38 3.85
7 2.71 3.12 4.06 4.96

Wilcoxon rank sum tests of the difference in absolute localization error be-
tween the high quality and low quality sites:

NoP = 1: Ws = 2563, z = .119, p = .905, r = .012

NoP = 3: Ws = 2618, z = .473, p = .636, r = .046

NoP = 7: Ws = 2708, z = 1.05, p = .293, r = .103



142 2. Linear regression fits on individual perceptual maps
The figure to the right shows regression fits of the three stimulus intensity 

conditions (NoP, Number of Pulses in the stimulus pulse train) for each participant. 
Regression lines as function of the stimulus site, both localizations and stimulus sites 
are represented as fraction of the arm length. If the mean localizations of a partici-
pant would be veridical, the regression line would have a slope of 1 and an intercept  
of 0, this relation is presented with a black dashed line. In participant 14 the NoP=3 
and NoP=7 conditions overlap. The values of the regression coefficients are plotted 
in the corner of each figure.

For each participant, a linear regression model (glmfit in Matlab) was fit to the 
localization data as function of stimulus site as fraction of the arm length (continu-
ous, ranging from 0 to 1) for each of the three stimulus levels. For each condition in 
each participant, the data was weighted by one over the number of included trials 
for that condition, this corrected for unequal numbers of trials for different sites, 
caused for instance by participants not detecting a stimulus or by the stimulus being 
removed by the outlier removal procedure (see Methods).
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