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Abstract

The exteroceptive capabilities of the nociceptive system have long been thought to be
considerably more limited than those of the tactile system. However, most investigations of spatio-
temporal aspects of the nociceptive system have largely focused on intensity coding as
consequence of spatial or temporal summation.

Graphesthesia, the identification of numbers “written” on the skin, and assessment of the two-
point discrimination thresholds were used to compare the exteroceptive capabilities of the tactile
and nociceptive systems. Numbers were “written” on the forearm and the abdomen by tactile
stimulation and by painful non-contact infrared laser heat stimulation. Subjects performed both
graphesthesia tasks better than chance. The tactile graphesthesia tasks were performed with 89%
(82-97%) correct responses on the forearm and 86% (79-94%) correct responses on the abdomen.
Tactile graphesthesia tasks were significantly better than painful heat graphesthesia tasks that were
performed with 31% (23-40%) and 44% (37-51%) correct responses on the forearm and
abdomen, respectively. These findings demonstrate that the central nervous system is capable of
assembling complex spatio-temporal patterns of nociceptive information from the body surface
into unified mental objects with sufficient accuracy to enable behavioral discrimination.
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1. Introduction

Within the central nervous system, nociceptive processing is accomplished by a complex
interplay of excitatory and inhibitory processes. At the dorsal horn of the spinal cord,
inhibitory activity can clearly influence spatial aspects of nociceptive processing.
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Administration of GABA and glycine antagonists has been shown to enlarge the receptive
fields of nociceptive neurons [38,39]. The receptive field size may also vary with central
sensitization [7,14]. Such spatial tuning may also be altered in a short-term dynamic fashion.
For example, spatial direction of attention has been associated with a shifting and expansion
of the receptive field of a nociceptive neuron in the medullary dorsal horn [11] and can
substantially alter the spatial integration of nociceptive information [25].

This interplay of excitatory and inhibitory processes is critical for establishing the spatial
capabilities of the nociceptive system. Historically, the spatial discriminative capabilities of
the nociceptive system have been thought to be considerably poorer than those of the tactile
system. However, some discriminative functions, such as single-point localization, are
almost equally accurate between tactile and painful heat stimuli, underscoring the
exteroceptive capacity of the nociceptive system [15,19,27]. More complex spatio-temporal
perceptional phenomena such as perceived spatial distortion of stimuli presented in spatio-
temporal patterns, termed the saltation illusion, are also similar in the tactile [9] and
nociceptive [31] systems.

To date, the capacity of the nociceptive system to encode spatial information from complex
stimuli remains poorly explored as the majority of investigations have focused on the
experience of intensity rather than the spatial percept. Multiple noxious stimuli applied to
spatially distinct body regions interact considerably, with summation if stimuli are delivered
transiently [22,23] or with inhibition if conditioning noxious stimuli are delivered tonically
to heterotopic structures [34] or if large areas are activated simultaneously [3]. Consistent
with the large distances over which spatial summation can occur, several investigations
indicate that two-point discrimination of noxious information is considerably poorer than
that of tactile information [18,27,37]. However, the capacity of the nociceptive system to
process complex spatio-temporal patterns of painful information and the possible perception
of such patterns remain unknown.

Assessing graphesthesia provides one method of exploring the processing of complex spatial
information. Graphesthesia is the ability to recognize numbers “written’ by tactile pressure
on the skin and is a classic neurological test for the capability of a person to perform higher
cortical processing of small differences in the direction and position of a moving tactile
sensory input [8,13,26]. In order to better understand the exteroceptive capabilities of the
nociceptive system, the present investigation compared graphesthesia and two-point
discrimination tasks during innocuous tactile stimulation and non-contact painful heat
stimulation at the forearm and abdomen.

2. Materials and methods
2.1. Subjects

Two groups of subjects were included in the study. One group, 12 healthy volunteers (seven
men, five women) between the ages of 22 and 37 years participated in the study of
graphesthesia on the forearm. Another group of 15 healthy volunteers between the ages of
19 and 36 years were added (eleven men, four women) to evaluate graphesthesia on the
abdomen and use larger numbers than those used on the forearm. All subjects gave written,
informed consent acknowledging that they would experience experimental painful stimuli
and that they were free to withdraw from the experiment at any time without prejudice. All
the procedures were approved by the local ethics committee (ref. no N-20070029).

2.2. Thermal stimulation and pain assessment

Painful thermal stimuli were delivered to the left and right ventral forearms and the right
side of the abdomen by a 100W CO,, laser (Synrad 57-1; Fig. 1). A scanner head (GSI
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Lumonics General Scanning XY10A) containing two mirrors mounted on galvanometers
rapidly, accurately, and reproducibly directed the 4 mm diameter laser beam over the skin. A
1 mm circular dithering was added to the laser trace resulting in a 5 mm diameter gaussian
beam. The velocity of the laser movement was kept constant at 35 mm/s. Pilot experiments
examining skin surface temperature with an infrared camera (Agema 900, FLIR Systems)
confirmed that the skin temperature was elevated in a uniform fashion, see Fig. 1B.
Different patterns of stimuli were used to assess two-point discrimination and graphesthesia.
Forearm stimulation: two sets of 20 stimulations to assess two-point discrimination and two
sets of 10 stimulations to assess graphesthesia were applied to both forearms in a
randomized fashion. Abdomen stimulation: two sets of 10 stimulations to assess
graphesthesia and two sets of 12 stimulations to assess two-point discrimination were
delivered to the right side of the abdomen in a randomized sequence. Stimuli were
randomized within all sets and a minimum of 30 s inter-stimulus interval was used for all
stimuli.

For assessment of painful heat graphesthesia, the scanner head was programmed to draw the
numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 on the skin using a font modified from the Schoolhouse
Printed A. All numbers were ‘written” with one contiguous stroke, except the number ‘4’
which was ‘written’ with two separate strokes. The numbers ‘written’ on the forearm were
50 mm wide and 75 mm tall and the bottom of the plane was located proximally and the top
distally. The stroke lengths of the numbers were; 0: 203 mm, 1: 75 mm, 2: 180 mm, 3: 214
mm, 4: 143 mm, 5: 179 mm, 6: 182 mm, 7: 132 mm, 8: 265 mm, 9: 168 mm. As the velocity
of the beam was constant the stroke lengths were proportional to the stroke durations; 0: 5.8
§,1:215,2:515,3:6.15,4:415,5:5.15,6:5.25,7:3.85,8:7.65,9:4.8s.

The numbers ‘written” on the abdomen were twice as large (100 mm x 150 mm) and the
bottom plane was located rostrally on the right side of the abdomen and did not cross the
midline. As the study aimed to investigate if graphesthesia is present in the pain system, the
size of the numbers on the forearm and abdomen was chosen to be as large as possible while
avoiding an angle between the laser beam and the skin to be less than 45°.

A visual analog scale (VAS) was used to assess the pain intensity of the radiant heat
stimulations. The scale was anchored by 0 indicating ‘no pain’ and 10 ‘most intense pain
imaginable’. For each subject and each stimulus region, stimulus intensity was adjusted
separately to the lowest stimulation setting that resulted in a reported VAS rating of more
than 1.0 in two consecutive trials. For this procedure an abstract character that extended to
all four sides of the coordinate plane was used. For each stimulus presentation, subjects were
verbally cued before stimulus onset, and at stimulus offset, were instructed to identify the
number in a forced choice task and to provide a VAS rating of average pain intensity during
the stimulation.

The method of constant stimuli was used to assess two-point discrimination. Two-point
stimuli were separated by 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mm and drawn along
the proximal—distal axis of the ventral forearm and were separated by 20, 40, 60, 80, 100,
and 120 mm and drawn along the caudal-rostral axis on the abdomen. The scanner head was
programmed to draw two separate “points” consisting of a 2 mm line resulting in a ~30 mm?
stimulation area. The laser stimulated one site for 57 ms, then was shut off and rapidly (1525
mm/s) moved to the other site and turned on for 57 ms, shut off and rapidly moved back to
the first point. The sequence was repeated 20 times during a 5 s period. This resulted in a
sensation of continuous and concurrent stimulation at the two sites. As control stimuli for
each of the tested distances a 57 ms delay replaced one of the stimuli, so that only one site
was stimulated during the similar 5 s stimulation period. On the forearm, the one-point
control stimulus was applied at the distal location for 10, 30, 50, 70, and 90 mm distances
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and the proximal location for 20, 40, 60, 80, and 100 mm distances. On the abdomen, the
one-point control stimuli were applied to the rostral site. The stimulation intensity was the
same as that used in the graphesthesia tests. After each stimulation, the subject was asked to
rate the perceived number of stimuli (1 or 2) in a forced choice task to provide a VAS rating
of pain intensity during the stimulation.

2.3. Tactile stimulation

For assessment of tactile graphesthesia the experimenter drew the numbers with the index
finger on the forearm or abdomen of the subject. The size, shape and velocity of the number
drawing mimicked that of the heat stimulation by following the aiming beam of the laser
(CO,, laser off). The subjects were blinded to the drawing of the number. After each stimulus
the subjects were instructed to identify the number in a forced choice task.

For assessment of tactile two-point discrimination, two blunt plastic filaments mounted on a
vernier caliper were pressed gently against the skin. Punctuate filaments with an area of 0.8
mm? were used on the forearm whereas the filaments had an area of 20 mm? when applied
on the abdomen. Similar to the heat stimulation paradigm, one or two points were stimulated
in the proximal-distal direction on the forearm and in the caudal-rostral direction on the
abdomen for 5 s. The force of the stimulation applied during the tactile graphesthesia and
two-point discrimination tasks evoked a clear tactile but painless sensation when applied to
the volar forearm of the experiment leader.

2.4, Data analysis

2.4.1. Two-point discrimination—The mean number of points (one or two) perceived
by the subject was calculated for each distance when two stimuli were applied. One was
subtracted from the mean so that the mean ranged from 0 to 1, zero meaning that one point
was perceived and one meaning that two points were perceived. These translated means
were fitted to a logistic curve

1
= 1+ea(-0

where the fitting parameter b is the distance at which y = % and thus describing the distance
at which the subjects were capable of distinguishing two points from one, and the fitting
parameter a is the slope at this distance. The receiver operating characteristic (ROC) was
calculated and the area under the ROC curve was compared between tactile and painful heat
stimulation on the forearm and the abdomen [10].

2.4.2. Graphesthesia—Fischer’s exact test was performed to test a possible association
between the number ‘written” on the skin and the number perceived by the subject. Due to
the large numbers of cells in the cross tabulation, a two-sided Monte Carlo approximation of
the Fischer’s exact test was performed with a confidence level of 99.9% for the P-values. In
order to test if a possible association between the presented number and the perceived
number was due to correct responses or systematical misperception, a linear-by-linear test
was performed to test if the majority of observations were located in the diagonal of the
cross-tabulation ordered by stroke length (8, 3,0, 6, 2, 5, 9, 4, 7, 1 in descending order). A
two-way ANOVA (modality and location as factors) was performed to test if there was a
difference in the frequency of correctly perceived numbers. The numbers ‘written” contain
features between the numbers (Fig. 1), e.g., ‘0" and ‘6’ has the same stroke path until the
ascending part where the beam either curves left forming the number ‘6’ or continues
forming the number “0’. If a subject perceives the initial part but misinterprets the last part
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of the stroke path it will lead to an incorrect response but a common misperception may be
present. To investigate if such a common misperception appeared frequently, the
information transfer was calculated for only correct responses and for all responses [13] and
compared between modalities and location with an ANOVA test. When calculating
information transfer [1], the graphesthesia task was considered as an information channel
where a hypothetical receiver would gain information about the actual number ‘written’
based on the response of the subject and the knowledge that only 10 different characters
were applied. If a subject performed perfectly by identifying all numbers correctly the
transferred information would be log,(10) = 3.3 bits/response. If the subjects were unable to
identify the numbers or any features of the numbers and responded at random the
information transfer would be 0 bits/response. If a subject can identify all numbers but, e.g.,
misperceives ‘2’ for ‘3’ and vice versa, the information transfer is still perfect, because the
receiver will be able to identify the stimulated number based on the responded number, even
though only 80% of the responses would be correct. Misperceptions that are not consequent
will only add to the information transfer by the amount that they help the receiver in
identifying the stimulated number. For further description and mathematical formula of
information transfer during graphesthesia task, please refer to the appendix of [13].

2.4.3. VAS responses—A linear mixed model (one/two stimuli and stimulation side
treated as factors and distance as covariate and repeated over subjects) was used to analyze
the VAS responses to the painful heat stimuli in the two-point discrimination test.
Furthermore, a linear model (stimulation side and distance treated as factors and repeated
over subjects) and a Tukey HSD post hoc test were used to find possible differences in the
VAS responses when one painful heat stimulus was applied. Potential spatial summation
was defined as the VAS response to two stimuli divided by the VAS response to one
stimulus. A linear mixed model (stimulation side treated as factors, distance as covariate,
and repeated over subjects) was used to analyze if the spatial summation varied significantly
over distance. A linear mixed model (stimulation side treated as factor, stroke length of the
presented number treated as covariate, and repeated over subjects) was performed to analyze
the VAS responses to painful heat graphesthesia test.

Results were summarized as means and 95% confidence intervals. P < 0.05 was considered
as significant results.

3.1. Two-point discrimination

The two-point discrimination distance was longer for painful heat tasks than tactile tasks
both on the forearm and on the abdomen (significant by non-overlapping 95% CI; Table 1;
Fig. 2). The tactile two-point discrimination distance was shorter on the abdomen than on
the forearm (significant by non-overlapping 95% Cl), but the difference between painful
heat two-point discrimination distances on the forearm and abdomen was not significant
(overlapping 95% ClI).

The areas under the ROC curves were larger in the tactile heat tasks than in the painful
tasks; both in forearm and abdominal tasks (non-overlapping 95% CI; Table 1; Fig. 3). The
areas under the ROC curves were not different between the forearm and the abdominal
tasks; neither for tactile nor painful heat tasks (overlapping 95% CI). The areas under the
ROC curves were significantly larger than 0.5 for all two-point discrimination tasks (P <
0.001). This indicates that the subjects performed better than if they were merely guessing.

The subjects rated the pain intensity to two-point stimulations significantly higher than one-
point stimulations, both on the forearm and the abdomen (mixed linear model; P < 0.001;
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Table 1; Fig. 4). Furthermore, the spatial summation was additive on the forearm as pain
intensity to two stimuli was reported to be 203% (183-223%) of the pain intensity to one
stimulus (Fig. 4). The spatial summation was also significant but sub-additive on the
abdomen as pain intensity to two stimuli was reported to be 143% (119-167%) of the pain
intensity to one stimulus. The spatial summation did not vary with distance on the forearm
or on the abdomen (mixed linear model; P > 0.05).

Furthermore, the pain intensity ratings correlated positively with the distance between the
points when two points were stimulated on the forearm (Fig. 4; mixed linear model; P <
0.0001). The mean pain ratings provided after one stimulation on the forearm at some distal
sites (10, 30, 50, or 70 mm) were lower than the mean pain ratings to one stimulation at the
same proximal sites (80 or 100 mm; linear model; Tukey HSD post hoc; P < 0.05),
indicating lower sensitivity towards the hand. There was no significant dependence between
distances and pain intensity ratings when stimulation was applied to the abdomen (mixed
linear model P > 0.05).

3.2. Graphesthesia

There was a significant association between the actual number presented and the number
perceived by the subject both for tactile and painful heat stimulation on the skin of the
forearm and the abdomen (Fig. 5; Fischer’s exact; P < 0.001). A statistically significant
linear-by-linear association of the cross-tabulation ordered by stimulation length was found
for stimulations on both the forearm and the abdomen and for both tactile and painful heat
stimulation (P < 0.001).

Subjects perceived the correct number more frequently and the information transfer was
higher when the number was ‘written’ by tactile stimulation than by painful heat stimulation
both on the forearm and the abdomen (two-way ANOVA and Tukey, P < 0.001; Table 2).
There was no significant association between the stimulated forearm and the number of
correct responses (Chi Square, P = 0.5). Increasing the size of the written numbers by
stimulation at the abdomen instead of the forearm did not significantly increase the number
of correct responses in the tactile (P = 0.9) nor in the painful heat trials (P = 0.07), however,
the information transfer was higher for larger numbers when applied by painful heat (P <
0.05) but not by tactile (P > 0.05, three-way ANOVA and Tukey) stimulation. The
information transfer was higher when not only correct responses but also all responses were
considered for painful heat (P < 0.001), but not for tactile (P > 0.05, three-way ANOVA and
Tukey) stimulations.

There was a significant correlation between the stroke length and the pain intensity rating
when painful heat stimulations were applied to the forearm (linear regression, P < 0.005, R?
= 0.032) but not when applied to the abdomen (linear regression, P = 0.2; Fig. 6).

Comparing the VAS responses between trials where the subjects answered correctly and
trials where they answered wrongly did not show any significant differences regardless of
whether the painful heat stimuli were applied to the forearm or the abdomen. Similarly,
there were no significant differences in VAS responses between stimuli applied to the
dominant or the non-dominant arm (linear model; P > 0.05).

4. Discussion

During the graphesthesia task, subjects were able to recognize numbers ‘written” on the skin
with painful laser stimulation. These findings indicate that the central nervous system is
capable of transforming complex spatial patterns of nociceptive information into unified
objects with sufficient accuracy to allow behavioral discrimination. Broader spatial and
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temporal tuning of nociceptive processing may account for the greater difficulty of the
painful heat vs. tactile graphesthesia task.

4.1. Spatial discrimination and spatial summation

Spatial discrimination of noxious stimuli has typically been examined by simultaneous two-
point discrimination using contact thermodes, and, even with potential confounds arising
from low-threshold mechanoreceptive input from the probe touching the skin, the threshold
was observed as 50—100 mm on the forearm assessed with a 9 cm? thermode [6]. The
noxious two-point discrimination threshold was considerably larger than that observed with
tactile stimulation as 17.3 mm by Martikainen and Pertovaara [18] and 40 mm by Weinstein
[33]. In the present investigation, potential tactile confounds were eliminated by using laser
stimulation to evoke pain (beam spot area of 30 mm?). Consistent with these previous
studies, painful heat two-point discrimination thresholds were larger than thresholds
observed by tactile stimuli.

During the two-point discrimination task, considerable spatial summation was observed.
Subjects may have used this information deliberately or non-deliberately to decide the
number of stimulation sites if they were in doubt, however, remembering that the one/two-
point stimulation sequence was randomized. This may have resulted in a better performance
in the two-point discrimination test across all distances. But, the degree of spatial summation
did not vary significantly across separation distance, while subjects’ performance improved
considerably as stimulus separations were increased. In contrast to previous studies that
concluded that spatial discrimination and spatial summation were mutually exclusive [6], the
present findings indicate that, over a limited range (60-120 mm separation distances),

spatial summation can co-exist with spatial discrimination.

For the graphesthesia task, a similar issue may have potentially influenced the ability of
subjects to identify the smaller scaled set of numbers on the forearm. As the drawing
velocity was kept constant the total drawing time was different between the numbers, e.g.,
the drawing time of the number ‘1’ was shorter than the drawing time of the number ‘8.
Longer stimulation time and larger stimulation area may have led to spatial [22] and
temporal summation [21] of the nociceptive input. The relatively high ratio of correct
answers to presentation of the numbers ‘1’ and ‘8’ may indicate that the subjects used the
drawing time and/or the pain intensity to identify the written number (Fig. 5). However, the
correlation coefficient indicated that the stroke length was only able to explain
approximately 3% of the variation of the VAS rating to the smaller scale numbers delivered
to the forearm (Fig. 6). This correlation was not seen in the larger scale numbers delivered in
the abdominal tasks where the subjects performed even better, so the influence of such a
confound was most likely minimal.

Although an inter-stimulation interval of at least 30 s between heat stimulations was used a
possibility of skin sensitization remains. This may have ‘blurred’ the perceptual abilities of
the subjects, as sensitization is most likely associated with enlarged receptive fields [16].
The discriminative abilities of the pain system may therefore have been underestimated.
However, as random sequences were used, any bias from sensitization on the individual
numbers was avoided.

The frequency of correctly identified numbers was above chance and several common
misperception pairs of numbers occurred (Fig. 5). The information transfer showed that
common misperception pairs contain a significant amount of common information in the
painful heat graphesthesia tests (Table 2). Therefore, in some trials, subjects perceived
sufficient features of the ‘written’ number to exclude some numbers without necessarily
being able to recognize the correct number.
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4.2. Spatial tuning

The substantial spatial summation of pain intensity observed during the two-point
discrimination task and the larger two-point discrimination distance confirm that
mechanisms supporting nociceptive processing have a broad spatial tuning, as the physically
separated stimuli evoke neural activity which interacts at some level of the neuroaxis. At the
neuronal level, complex interactions of excitatory and inhibitory factors determine the
spatial response properties of the neuronal population. The spatial distribution of activity
may be extended by the spatial organization of the dendritic arbors of nociceptive neurons,
by propagation of afferent information via propriospinal interneurons and by primary
nociceptive afferents arborizing after they enter the spinal cord [30,36].

Conversely, inhibition through either local or descending mechanisms can substantially
shrink the receptive fields of dorsal horn neurons [4,38,39]. In particular, lateral inhibition
has long been known to enhance the two-point discrimination capability in the tactile system
[20]. Lateral inhibition in the nociceptive system has not been studied extensively. However,
wide dynamic range neurons typically have an on-center off-surround receptive field
organization [12] which would typically support lateral inhibition. In withdrawal reflex
pathways, excitatory and inhibitory receptive reflex fields have been observed with
relationship to the biomechanical efficacy of a specific muscle [29]. The excitatory reflex
receptive fields probably reflect receptive field properties of wide dynamic range neurons,
[28] whereas the inhibitory neuronal mechanisms are still undisclosed. Substantial overlap
between the excitatory and inhibitory reflex receptive fields has been observed which also
support broad tuning in the nociceptive system. Thus, the relatively large distances needed
before the inhibitory surround is stimulated and overlap between excitatory and inhibitory
receptive fields would also contribute substantially to the broad spatial tuning of nociceptive
processing and could partially explain the poorer performance in the painful heat two-point
discrimination and graphesthesia tasks.

In addition to being broadly tuned, the spatial response profiles of nociceptive processing
appear to be asymmetric. When only one heat stimulus was applied during the two-point
discrimination task on the forearm, the VAS responses were perceived as more intense at
proximal stimulation locations than at distal stimulation points if the points were separated
by more than 50 mm. This is in line with the distally directed inhibition found by Quevedo
and Coghill [24], and may relate to the asymmetric inhibitory receptive field of wide
dynamic range neurons [12] or higher sensitivity at proximal areas [17]. If such a distal
inhibition was present during two-point stimulation the sensation of the distal point may
have been masked by the sensation of the proximal point, and thus biasing the subjects to
perceive that only one point was stimulated. Moreover, such distally directed inhibition
could significantly complicate the cognitive assembling of the information during the
graphesthesia task, as only portions of the drawn figures would be subjectively available.

Many critical features of the “written’ numbers were considerably smaller than the two-point
discrimination thresholds but were still recognized. However, since one-point localization
capabilities are roughly the same between tactile stimuli and noxious thermal stimuli
(typically 22—-24 mm on the forearm [32]), it appears unlikely that differences in spatial
tuning can fully account for differences in graphesthetic abilities. Difference in surround
inhibition and temporal aspects of the stimulation pattern seem to be fundamental to the
graphesthetic abilities as recognition of the direction of a drawn line has been shown to be
essential to the graphesthetic abilities [2].
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4.3. Temporal tuning

Differences in temporal tuning of the processing of tactile vs. nociceptive information may
also play a significant role in determining the accuracy of graphesthesia. For example,
noxious stimulus offset may take nearly 3 s to detect [35] while detection of innocuous
stimulus offset occurs considerably faster [5]. Using a two-point discrimination paradigm
that presented each point sequentially following a variable delay, Ylioja et al. [37]
determined that spatial discrimination improved significantly as the delay between the
stimuli increased to greater than 3 s. Since graphesthesia is, in part, a dynamic sequential
single-point localization task enabling the subject to translate a temporal sequence of
movement across the skin into a complex spatial pattern [2], the apparent spatial acuity
would be significantly influenced by the temporal tuning of sensory processing.

5. Conclusions

The present data indicate that the central nervous system has the capacity to process highly
complex spatio-temporal patterns of purely nociceptive information and underscore the
exteroceptive capabilities of the nociceptive system. These exteroceptive capabilities may be
crucial for the identification of the nature of external threats to body integrity and the
subsequent optimization of escape strategies. Deficits in exteroceptive capabilities may
accompany unbalanced interactions between excitatory and inhibitory mechanisms in spatio-
temporal perception of pain. In chronic pain states, such unbalanced interactions may lead to
pain spread, pain mislocalization, and sensitivation. A deeper understanding of the spatio-
temporal processing and cognition of pain may lead to a better understanding of pain
pathology.
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Fig. 1.

Experimental setup. A CO», laser was aimed through a scanner head onto the ventral forearm
or abdomen of the subject (A). In a two-point discrimination task, two points were
stimulated by switching the laser beam rapidly between the points so that the skin
temperature was elevated concurrently as imaged by an infrared camera. (B) The laser was
shut off when moving between the two points. In a graphesthesia task, the laser beam was
slowly moved while stimulating, so that a 75 mm tall number on the forearm and 150 mm
tall numbers on the abdomen between 0 and 9 was “written’ causing an elevation in the skin
temperature as imaged by an infrared camera (C). Two blunt plastic filaments were mounted
on a vernier caliper and used to apply non-painful stimulation in the tactile two-point
discrimination tasks. The same shape of numbers that were “written” with the laser system
was drawn by the index finger of the experimenter in the non-painful tactile graphesthesia
tasks by following an aiming beam of the laser to control the writing speed (CO, laser off;
D).
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Fig. 2.

Two-point discrimination thresholds. The proportions of correct answers after two points
were stimulated by tactile (black) or painful heat (red) stimuli indicated by crosses. The data
were fitted to a logistic function (solid line) with the 95% confidence interval (95% ClI;
dashed line). Please note that differences in the tactile two-point discrimination threshold
may be due to different probe sizes.
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Fig. 3.

Receiver operating characteristic (ROC) curves. The area under the ROC curve was larger
for tactile (black) and painful heat (red) two-point discrimination tasks on the forearm and
the abdomen (solid line) were all significantly better than merely guessing (dashed
diagonal).
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Fig. 4.

Pain intensity during the two-point discrimination task. Pain intensity rated on a visual
analog scale (VAS) to painful heat stimulation applied to one (circle) or two points (square).
Spatial summation (triangle) was found both on the forearm and the abdomen when both
points were stimulated simultaneously.
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Fig. 5.

Illustration of perceived numbers ordered by the number presented. Cross tabulation of
association between actual numbers presented on the forearm (upper panel) and the
abdomen (lower panel) and numbers perceived by the subjects. The color bars indicate the
percentage of number responded for each number presented.
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Fig. 6.

Scatter plot of stroke length vs. pain intensity. Each visual analog scale (VAS) score is
indicated by the number “written’. There was a significant correlation between pain intensity
rating and the stroke length of the number when stimulations were applied to the forearm
(linear regression, P < 0.005, R? = 0.032) but not when applied to the abdomen (linear
regression, P = 0.19); fitted line represented in solid, 95% confidence interval (CI)
represented in dashed line).
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Results from the two-point discrimination task as mean and 95% confidence intervals.

Table 1

Forearm

Abdomen

Threshold (mm)

Area under the ROC curve

Pain intensity for 1 point

Pain intensity for 2 points

Tactile  35.0 (31.4-38.6)
Heat  58.9 (42.0-75.8)
Tactile  0.89 (0.84-0.94)
Heat  0.62 (0.55-0.69)
Heat  1.5(1.3-18)
Heat 2.6 (2.3-2.9)

20.3 (16.2-24.68)
44.3 (24.6-64.0)
0.96 (0.92-1.00)
0.72 (0.61-0.83)
2.0 (1.7-2.2)
2.3(2.0-2.6)
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Results from the graphesthesia task as mean and 95% confidence intervals. The information transfer of correct
responses in the graphesthesia tasks was higher in the tactile tasks than the painful heat tasks. Adding trials
increased the information transfer for the painful heat (P < 0.001) but not for tactile tasks (P > 0.05, three-way

Table 2

ANOVA and Tukey).
Forearm Abdomen
Probability of correct response (%) Tactile 89 (82-97) 86 (79-94)
Heat  31(23-40) 44 (37-51)
Information transfer of correct responses (bits/response) ~ Tactile 3.1(3.0-3.3) 3.1(3.0-3.2)
Heat  15(1.1-2.0) 2.1(1.8-2.3)
Total information transfer (bits/response) Tactile 3.2(3.1-3.3) 3.2(3.1-3.3)
Heat  2.5(2.4-2.6) 2.7(2.6-2.8)
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