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Abstract Various studies have shown subjects to mislo-

calize cutaneous stimuli in an idiosyncratic 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

experiments. 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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Introduction

The relation between internal body representations and

spatial perception of cutaneous stimuli has received recent

attention. Several reviews discussed evidence that locali-

zation 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 and Coslett 2010; Serino and Haggard 2010).

Some authors distinguish between body form representa-

tions, which allow perception of stimuli on the body sur-

face, and body posture representations, which allow

identifying the stimulus location in space by using addi-

tional information about the location of the various body

parts (Longo et al. 2010; Medina and Coslett 2010). The

existence of body form representations is motivated by the

observation that representations in the primary somato-

sensory 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
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allow perception of stimuli on the body surface (Longo

et al. 2010; Medina and Coslett 2010). Since body repre-

sentations 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 veridi-

cal 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. 2009, 2006). 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). Localiza-

tions 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 local-

izations patterns (Trojan et al. 2010, 2009, 2006) and dif-

ferences in experimental setting like seeing or not seeing

the stimulated body part (Harrar and Harris 2009) and gaze

direction (Harrar and 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 perceptual map requires multiple trials for

each stimulus location. This stochastic component 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 regression models reflect

overall properties of a perceptual map. The intercept rep-

resents 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

veridical sites. The properties of perceptual maps for both

touch and nociception have been shown to deviate between

participants in experiments (Trojan et al. 2010, 2009, 2006).

Compared to the veridical stimulus sites, subjects exhibited

overall displacements 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

internal body representations, psychophysical perceptual

maps may reflect properties of these representations.

The possibility of quantifying internal body represen-

tations in individual subjects would provide new insights

into the mechanisms of multimodal processing. Specifi-

cally, it would be of great interest for studying the devel-

opment of pathological states in which abnormalities in

internal body representations have been demonstrated, 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 latter 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

representations, they should be reproducible given equal

body posture. This reproducibility has not been demon-

strated yet. In the current paper, we address the reproduc-

ibility 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 per-

ceptual 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 experimental

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 and Wong 1996; Shrout and

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 corre-

spondence) 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 localization data exhibit trial-to-trial variance, cal-

culating the properties of perceptual maps from a small

number of localization trials will increase the variance of

these parameters and may therefore influence their repro-

ducibility. 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 perceptual 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
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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 number NL35875.044.11), ten subjects were

recruited from the population of students and employees of

the University of Twente. The subjects’ mean (M) ± stan-

dard deviation (SD) age was 26 ± 3 years, ranging from

23 to 32 years. Three subjects were female. All subjects

reported being right handed. Each subject participated in

two identical experiment sessions on successive days. Sub-

jects gave written informed consent prior to the first experi-

ment and received a monetary reward for participating.

Setup

Stimulation setup

Nine electrodes were placed at the subject’s left lower arm

(see Fig. 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 and Kakigi 2011), and one was a Protens 9 9 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 attached 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 prevented 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 stimulators used previously in our group

(van der Heide et al. 2009; van der Lubbe et al. 2012;

Steenbergen 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

medium 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

experiment, a photograph of the subject’s own arm (without

electrodes) was presented on the tablet monitor. The pho-

tograph was taken at the start of the experiment before

placing the electrodes and was scaled based on reports by

the subject that the dimensions 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 differences in arm length between subjects, the position

of the monitor relative to the 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 between the two experiment sessions of each

subject. Both sessions of the same subject 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 elec-

trodes was marked with an invisible marker which lights up

under UV light, and 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

scaling was used during both sessions.

Fig. 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

subject’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
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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 psy-

chophysical estimation method consisting of five ascending

stimulus ramps for each of the electrodes. The sensation

threshold was defined as the current 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 suc-

cessive stimulus had a higher stimulus current. The sub-

jects 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 electrode 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 esti-

mated 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-activation of nociceptive afferents may occur.

In order to prevent a possible difference in localization

between touch and nociception from affecting the local-

izations of the two sessions in a different way, the same fiber

population needs to be activated during 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 Fig. 2), these are the same scales as used in a

previous study (Steenbergen et al. 2012). 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 usu-

ally 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 reference 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 onsets 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. Sixty stimuli were

applied through each of the electrodes, resulting in a total

of 420 stimuli. This procedure lasted approximately 1 h.

The sequence consisted of 30 randomized blocks of 14

stimuli, with each electrode represented 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

Fig. 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 = 50
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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 Fig. 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 button to start the next stimulus cycle. If a

subject failed to respond because the stimulus 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 localization data generated by the tablet screen

setup were in screen coordinates (x, y values in pixels).

Before analysis, this two-dimensional data were 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 direction 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.

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

parameter 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 cal-

culated the correlation of the arm length with the scaling.

The tablet screen was placed as close to the arm as pos-

sible; 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, and the arm

should have a smaller scale for subjects with longer arms.

Reproducibility

As a measure for reproducibility, we used ICCs. An ICC

expresses the amount of unexplained variability as the

proportion of between-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 ICC’s for different 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 and Fleiss 1979):

ICC(1; kÞ ¼ BMS�WMS

BMS

Here, BMS is the between-subject mean squares and

WMS is the within-subject mean squares. An ICC of 1 (all

variance is accounted for by differences between subjects)

is interpreted as perfect reproducibility. If there is an equal

amount of between- and within-subject 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 and 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 thresholds,

the stimulus currents after adjustment (see section ‘‘Quality

and intensity assessment’’) 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.
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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 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 included in the current experiments

is necessary for measuring reproducible features of per-

ceptual 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 proce-

dure 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 coef-

ficients, 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

amplitudes was 0.73 with CI [.57, .83]. After this adjust-

ment, 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 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 illustrate the

electrode placements for each subject and the principal

component to which the data are projected for analysis.

The means and standard deviations of these projections are

presented in Fig. 4 as a function of the veridical electrode

positions. Figure 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 contraction 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 inter-

cepts. The ICC of the intercept was 0.88 with CI [.55, .97],

and 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. 5; the corresponding ICCs are listed in

Table 1. The ICCs range from 0.68 to 0.93, with five out of

seven ICCs being 0.75 or higher, thus indicating good

reproducibility for most sites.

The correlation of the arm scaling with the slopes of all

20 experiment sessions 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 indicates that subjects

preferred a smaller arm representation when the monitor

was further removed from their eyes.

The right column in Table 1 lists the number of trials

required for measuring each of the sites and regression

coefficients with a high degree of reproducibility. Different

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 deter-

mined 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 reproduc-

ibly calculated using only 6 trials per site.

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 aspects of the localizations was assessed

by calculating ICCs. The intercept and slope parameters

of the experiment-level regression models showed a high

degree of reproducibility, suggesting that overall dis-

placements of perception toward the wrist or elbow and

contractions/expansions of localization areas in relation to

the physical 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

422 Exp Brain Res (2013) 224:417–427
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between sessions in individual sites have little effect.

These results suggest that somatosensory 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 and Coslett 2010; Serino and Haggard

2010). Therefore, the spatial perceptual maps which are

gathered in an experiment may be dependent on

contributions of other sensory modalities. Harrar and

Harris (2009) found that tactile localizations were more

contracted when the arm was not visible during experi-

ments compared with when it was, this included vision of

the arm during both stimulus presentation and the locali-

zation 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 the eye position influences localization of touch,

regardless of whether the reports are performed verbally
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Fig. 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 the subject’s arm length, with 0

being the elbow and 1 the wrist. Each marker represents the mean

localization 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 correspondence (i.e., intercept = 0

and slope = 1). The coefficients of the regressions models are printed

in the corners of each plot
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(Harrar and Harris 2009) or using a motor task (Harrar and

Harris 2010). Although we partially controlled this par-

ticular 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 parameter

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 investi-

gation is the influence of stimulus parameters. Stimulus

strength has been shown to influence localization 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 stim-

ulus aspects which influence cutaneous localization, for

instance stimulus duration and size of the stimulated skin

surface. However, to our knowledge, no scientific infor-

mation is available 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 underlying process of spatial perception,

the reproducibility of the perceptual maps of the two ses-

sions was not perfect. Based on our data, we cannot con-

clude 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 per-

fect 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 mea-

sured 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 successfulness 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 cutaneous

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 reproduc-

ible 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 coefficients are very stable and can be estimated

with a relatively small number of trials.

Table 1 Intraclass correlation coefficients of the mean localization

scores with 95 % confidence intervals of the full dataset

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

The right column lists the number of trials required for measuring an

ICC higher than 0.75 with 95 % certainty (determined using a

resampling procedure)
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Fig. 5 Localization data in the format which were used for the

reproducibility analysis. The mean localizations of each subject and

session are shown as function of the stimulus 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 Fig. 4
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The regression coefficients of localizations on the arm

can be interpreted as overall displacement and scaling of

the perceptual map in relation to the veridical stimulus

positions (Trojan et al. 2006). Although various authors

have reported cutaneous localization biases in various body

areas (Culver 1970; Franz 1916; Hamburger 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 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 ben-

eficial for studies in patients, for whom a lengthy procedure

like the one described in the current paper may be too

strenuous.

We assessed the reproducibility of somatosensory per-

ceptual maps on consecutive days. The supposed link

between perceptual maps and body representations 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 suffering from, or developing, pathologies which

have been shown to affect body representations.

In conclusion, we demonstrated a high degree of

reproducibility in somatosensory 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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