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ABSTRACT 29 

The spread of pain across body locations remains poorly understood but may provide important insights into the encoding 30 

of sensory features of noxious stimuli by populations of neurons. In this psychophysical experiment, we hypothesized that 31 

more intense noxious stimuli would lead to spread of pain, but more intense light stimuli would not produce perceptual 32 

radiation. Fifty healthy volunteers (27 females, 23 males, ages 14-44) participated in this study wherein noxious stimuli (43, 33 

45, 47 and 49°C) were applied to glabrous (hand) and hairy skin (forearm) skin with 5s and 10s durations. Also, visual 34 

stimuli displayed on the target bodily area were utilized as a control. Participants provided pain (and light) spatial extent 35 

ratings as well as pain (and light) intensity ratings. In the extent rating procedure, participants adjusted the extent of the 36 

square displayed on the screen with the extent of pain (or light) which they experienced. Pain extent ratings showed 37 

statistically significant radiation of pain indicated by 12.42´ greater spatial spread of pain (pain extent) than the area of the 38 

stimulation with 49°C (p<0.001), in contrast to visual ratings which closely approximated the size of the stimulus (1.22´). 39 

Pain radiation was more pronounced in hairy than glabrous skin (p<0.05) and was more pronounced with longer stimulus 40 

duration (p<0.001). Pain intensity explained only 14% of the pain radiation variability. The relative independence of the 41 

pain radiation from pain intensity indicates that distinct components of population coding mechanisms may be involved in 42 

the spatial representation of pain versus intensity coding. 43 

 44 

  45 
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1. INTRODUCTION 46 

Pain perception is a result of complex neural interactions that take place at multiple levels of the neuroaxis [5]. 47 

Unfortunately, our general understanding of how the distributed nociceptive system (DNS) processes nociceptive input and 48 

how it contributes to the conscious perception of pain remains incomplete, with the clinical correlate being the fact that 49 

many available treatments and prediction strategies have moderate or low effects at best [14,23]. Understanding is 50 

particularly limited in spatial aspects of pain where mechanisms of phenomena such as spatial summation of pain [22,34], 51 

lateral inhibition [35] and pain radiation [31] remain elusive. 52 

Neural population coding mechanisms have been proposed to encode the intensity of noxious stimulation [5,33,34]. 53 

Within the spinal cord the receptive field properties of wide dynamic range neurons (WDR) predict that progressive 54 

increases in noxious stimulus intensity would result both in increased discharge frequency of individual neurons as well as 55 

a recruitment of activity in progressively larger number of neurons [5,31]. Spinal cord imaging studies confirm this 56 

prediction, in both animals [6] and humans [40], such that noxious stimuli recruit more activation than innocuous stimuli 57 

and that progressive increases in noxious stimuli result in progressively more spatially extensive activation [5,6,21,40]. 58 

During innocuous or mildly noxious stimulation, activity is focused ipsilaterally within a single spinal segment. As noxious 59 

stimulus intensity increases, activation is recruited ipsilaterally across multiple spinal segments and also extends to 60 

contralateral regions of the spinal cord [5,6]. 61 

The role of population recruitment in encoding spatial aspects of pain remains virtually unexplored. Since 62 

progressive increases in noxious stimulus intensity recruit progressively more extensive spinal activity, the perceived spatial 63 

extent of pain would be predicted to spread as stimulus intensity increases. In one preliminary psychophysical experiment 64 

in humans (N=5), noxious heat of graded intensity was applied using an 8mm diameter probe [31]. Pain spread out from 65 

the thermal probe despite the fact that surrounding skin temperatures remained unaffected. This radiation of pain in the 66 

absence of spread of noxious temperatures was proposed to reflect neural population recruitment as a mechanism involved 67 

in the encoding of nociceptive intensity [33], but could also contribute to the perceived spatial dimensions of pain. If 68 

population recruitment contributes to spatial aspects of pain, it has major implications for the understanding of chronic pain. 69 

Some chronic pain conditions are characterized by pain which is rather well localized, whereas other pain conditions are 70 

manifested by widespread radiating pain. For instance, complex regional pain syndrome (CRPS) often starts locally; 71 

however, pain can spread extensively over time [36] in contiguous or even non-contiguous manner, with extreme cases of 72 
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pain spreading to the contralateral limb [19]. Such non-focal distribution of pain [19,34] leads to a mismatch between 73 

nociceptive foci and reported symptoms which may confound diagnosis and treatment [42]. 74 

To better examine the potential involvement of population recruitment mechanisms in spatial aspects of pain, we 75 

aimed to rigorously characterize how pain radiates by measuring pain extent in healthy humans and to test if pain extent 76 

patterns are unique (pain versus a visual stimulus) and depend on stimulus intensity, duration and body site (skin type) being 77 

tested.  78 

2. MATERIAL AND METHODS 79 

2.1. Study overview and general information 80 

This study was a mechanistic single-visit investigation performed on healthy individuals. The experiment was based 81 

on a within-subject design and involved exposure to noxious heat as well as innocuous visual stimuli (red rectangles).  Both 82 

modalities of stimuli were delivered to participants’ ventral forearms (hairy skin) and palms of the hand (glabrous skin). 83 

The hairy skin site was chosen to be representative of most of the body surface with regards to both primary afferent 84 

innervation and spatial acuity. The glabrous skin site was chosen to investigate responses where spatial acuity is the greatest 85 

within the somatosensory system [20]. The primary outcome variable was pain extent (“pain size”) rated after each stimulus.  86 

The study procedures were approved by the institutional review board of Cincinnati Children’s Hospital Medical 87 

Center (no. 2015-2945). The protocol and analysis plan were preregistered at the “osf.io” platform using AsPredicted.org 88 

template (https://osf.io/e8r5f) before data collection started. The study followed principles of the Declaration of Helsinki. 89 

After presentation of the objectives, methods, anticipated benefits, and risks, as well as any other relevant aspects of the 90 

study, written informed consent was obtained from each participant or legal guardian; participants below 18 provided assent. 91 

A monetary remuneration ($100 USD) was given to every participant. 92 

2.2. Participants 93 

Participants were recruited via e-mail and social media advertisements as well as word of mouth. They then 94 

completed an electronic screener (RedCap) to determine basic eligibility. Then, a clinical coordinator contacted potentially 95 

eligible participants and screened them over the phone (or online call) using the inclusion/exclusion checklist. Those 96 

participants who were eligible and demonstrated the will to participate were then scheduled for a study visit. To participate 97 

subjects had to: i) be healthy, ii) be between 14 and 44 years old, iii) be fluent in written and oral English language, iv) 98 

complete study assessments, v) provide written informed consent, and vi) demonstrate willingness to comply with protocol 99 

(both parent or guardian and participant). The following exclusion criteria were applied: i) pregnancy, ii) diabetes, iii) 100 
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history/active chronic pain, iv) psychiatric medications, v) neurological disorders, vi) skin conditions or past skin damage 101 

on the arms in or near sites of sensory testing, vii) medications that may alter pain sensitivity or brain activity. Trained 102 

research coordinators screened for eligibility. We screened 128 participants and enrolled 54 participants, of which 52 103 

completed experiments (Appendix). Results presented here are from a sample of 50 individuals (Table 1) as two 104 

participants datasets were not usable due to incomplete subject engagement with the protocol. 105 

2.3. Sample size calculations and considerations 106 

For sample size calculation, the project started from the pilot testing on 7 healthy individuals. Participants were 107 

attending the experiment based on the same design as described here, i.e., 4 (temperatures) ´ 2 (stimuli durations) ´ 2 (body 108 

site). The mean and SDs values used for calculation are presented in the Appendix. Sample size was then calculated using 109 

R and R-Studio (R Core Team, 2023) with implemented “Superpower” library [16]. In brief, this library utilizes the 110 

“ANOVA_power” function which generated simulations (here N=1000), based on the means and pooled SD (0.83) from 111 

the pilot dataset. Results of this simulation-based power analysis showed that to detect all (significant) main effects in the 112 

ANOVA i.e., “temperature”, “duration” as well as “site” with at least 90% power at least 30 participants were needed. 113 

However, it was assumed a priori that the N = 52 is required to provide a solid reference data for the new outcome, i.e., 114 

pain extent measured via the square-matching paradigm (see below). 115 

Table 1. Characteristics of the study sample (N=50) 116 

Variable Unit Mean SD 
Age [years] 24.98 7.54 
Forearm length [cm] 24.78 2.10 
Hand length [cm] 17.93 1.35 
Fear of pain [score, 0-100] 47.20 21.60 

2PD at hand 
[mm], H 8.93 3.53 
[mm], V 10.94 5.55 

2PD at forearm 
[mm], H 22.06 9.05 
[mm], V 38.28 15.63 

Sex 23 males (46%) , 27 females (54%) 
Legend: 2PD, two-point discrimination threshold, H, horizontal measurement, V, vertical measurement, SD, standard deviation 117 

2.4. Equipment and stimuli 118 

Noxious and innocuous heat stimuli were delivered via 16 × 16mm Peltier-based thermode connected to Pathway 119 

ATS model (Medoc, Ramat Yishai, Israel). The probe was positioned on the target body region by a 3-degrees of freedom 120 

clamping arm (GyroVu, CA, US) attached to a tripod. Heat stimuli were delivered in a ramp up and ramp down format (i.e., 121 

trapezoid-shape [34]) with 5s or 10s plateaus. The ramp rates were set to 5°C/s, which allowed for the consistent delivery 122 
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 6 

of thermal stimuli. In addition, an infrared camera suspended over the target region was used to visualize skin temperature 123 

externally during the training phase (FLIR One FLIR Systems, Inc., model). Visual stimuli were delivered via a 124 

commercially available red LED light externally-voltage controlled via analogue output of digital-analogue converter 125 

LabJack U3-HV device (LabJack Corporation, Lakewood, CO, USA). The LabJack converter was controlled by a MacBook 126 

Air (Apple Inc., Cupertino, CA) using PsychoPy3 (v2021.2.3) [30] as well as Python3. In general, the visual stimuli had 127 

the same temporal and spatial characteristics in the main phase of the experiment, that is, the shape and the extent of the 128 

object displayed matched the extent of the thermal probe, and light control had the same ramps and plateau durations as the 129 

temperature. 130 

2.5. Study structure and design 131 

The experiment was conducted in 4 phases. Following informed consent, participants were first introduced to the 132 

rating tasks and were taught in how to operate the trackball (Logitech, Newark, CA, USA) to provide pain extent ratings as 133 

well as ratings via computerized Visual Analogue Scale (VAS). They then underwent a well-established familiarization 134 

phase [37] in which 32 heat-based stimuli were delivered (temperature range: 35 to 49°C, 5s). Heat stimuli were interleaved 135 

by visual stimuli, which also required training (luminance range: 0 to 8 lux ´102). 136 

After familiarization, the second phase assessed 2-point discrimination threshold (2PD) in both tested areas, i.e., 137 

hand (glabrous skin) and ventral side of the forearm. The 2PD was determined along the horizontal as well vertical axis 138 

using a plastic caliper (CarolinaÒ Biological Supply Company, Burlington, NC). The determination of single 2PD threshold 139 

was according to a previously validated protocol [27]. In brief, 4 runs (2 ascending and 2 descending) were performed, 140 

however, the first ascending series was based on 5mm steps while the remaining series used on 2mm increments (see [27] 141 

for details). Participants reported their sensations using a 2-alternative forced-choice paradigm (1 vs 2 stimuli perceived). 142 

The order for the 2PD assessment (body area and stimulus orientation) was counterbalanced and randomly assigned using 143 

RedCap software prior to the study visit. Prior to study commencement, research personnel were trained to deliver these 144 

stimuli with a pressure that first caused blanching of the skin using approximately a 1s duration of contact. 145 

In the third phase, participants underwent a visual session where visual stimuli of different sizes were presented on 146 

the ventral side of the forearm. The aim of this phase was to collect ratings which would allow us to assess the general 147 

accuracy of “extent” ratings. In this phase only stimuli with maximal intensity (8 lux ´102) were displayed; however, 148 

different masks were used such that the displayed squares had sides of 0.6, 1.6 (as used during the familiarization and the 149 

main task), 2.6, or 3.6cm, which corresponded to the displayed areas of 0.36, 2.56, 6.76, 12.96cm2. The masks were 3D 150 
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 7 

printed and had a form of filament-based tubes attached to the tip of the light. The masks had square-like holes of dimensions 151 

calculated using the law of reversed squares. The masks were always attached in the same distance from the light source 152 

and the target (skin) which ensured that the distribution of light was equal across the surface and independent on the size of 153 

the cover. Stimuli were applied in a random order and each stimulus size was repeated 3 times to increase measurement 154 

accuracy. 155 

The last (main) phase of the experiment was based on 4 blocks of 12 stimuli. In each block, 4 different temperatures 156 

were used (Figure 1) as a form of heat stimuli (43, 45, 47, 49°C). Each temperature was repeated 3 times, and the order of 157 

presentation was pseudorandom. As in the familiarization phase, heat stimuli were interleaved by visual stimuli. Similarly, 158 

to heat protocol, 4 intensities of light were applied (2, 4, 6, 8 lux ´102), each of them was repeated 3 times. The selected 159 

intensities constituted the possible range of possible brightness output determined by the maximal and minimal voltage 160 

input set at the stimulus control device. Thus, in total 12 heat and 12 visual stimuli were delivered per block. Because 2 161 

blocks were applied to the hand (one with 5s and one with 10s plateau), and 2 to the forearm, a total of 48 heat and 48 visual 162 

stimuli were used for the main phase of this experiment. Visual stimuli were displayed on the subject’s body instead of an 163 

external board to match the attentional demand between sensory systems, i.e. visual and nociceptive. 164 

 165 

Figure 1. Experimental (heat) and control (light) stimulation. During main phase of the experiment experimental pain was induced 166 
using temperature from noxious range (lower left panel: 43 to 49 °C). Each noxious stimulus had the same spatial characteristics (edge 167 
“c” = 1.6cm) meaning that the contact with the skin was always the same regardless of the intensity of stimulation. Visual objects of the 168 
same size but with different degree of illumination were used as a control (upper left panel: 2 to 8 ´ 102 Lux). During additional control 169 
session visual objects (squares) had different extents (right panel: edge from 0.6 to 3.6cm). 170 

2.6. Rating tasks 171 

After termination of the heat stimulus delivery, participants were asked to rate the total pain extent that they felt by 172 

adjusting the dimensions of a square displayed on the computer’s screen by moving a trackball. They were told that heat 173 

pain can overlap with warmth sensation, but they must only consider the extent of pain, not warmth while rating. After the 174 

pain extent rating was provided, the screen was cleared, and then the VAS (Figure 2) was displayed. Participants were 175 

instructed to first rate pain intensity on VAS with left anchor labelled as “no pain sensation” (0) and right one being “the 176 

64 82

4745 4943

c = 1.6 

Visual stimulus
(Luminance: lux x 102)

Nociceptive stimulus
(Temperature: °C)

d = 0.6

c = 1.6

b = 2.6

a = 3.6

c = 1.6

Stimuli used in the main session: Stimuli used in the control session:
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 8 

most intense pain sensation imaginable” (10). The last rating task was with an additional VAS, but they were prompted to 177 

rate pain unpleasantness using scale with left anchor set as “no pain sensation” (0) and right one “the most unpleasant pain 178 

sensation imaginable” (10). Participants were taught how to distinguish these two dimensions of pain using a sound analogy 179 

described elsewhere [32]. Two VAS scales had similar layout and dimensions with differences only related to the anchors 180 

and question. Moving the trackball to the right moved a white slider to expose a red bar, mimicking the physical VAS.  181 

Thus, the length of the uncovered red bar indicated the magnitude of sensation like in the traditional VAS scale [4]. Python-182 

based code to reproduce task is available on GitHub. 183 

The same process was used after termination of the visual stimulus that was projected onto the participant’s forearm 184 

(or hand): the participants rated its perceived extent using the identical trackball-controlled drawing of a red square. 185 

Participants were instructed to be as precise as possible, and to evaluate only the extent of light projected onto their skin 186 

Participants were also instructed to focus their attention on the light for the entire duration of the light being displayed. 187 

Then, they were prompted to rate light intensity on VAS with left anchor set to “no light sensation at all” (0) and right one 188 

to “the most intense light sensation imaginable” (10). See Figure 2 for details. 189 

 190 

Figure 2. Single trial design. A) Each trial started from a cue presentation followed by heat stimulus (16s, 10s plateau) application to 191 
one of the sites (hand vs. forearm). After each stimulus participants rated pain extent (they adjusted the size of square on screen such 192 
that it resembled pain extent which they perceived), pain intensity and pain unpleasantness by using computerized Visual Analogue 193 
Scale (they adjusted the length of the red bar). B) Subsequently, the 1.6´1.6cm visual stimulus was displayed on their skin which was 194 
followed by the light extent and intensity ratings. C) Visual presentation of the stimulus delivery, and skin temperature distribution 195 
during 35°C baseline temperature (middle panel) and 49°C (lower panel). 196 

2.7 Data processing and statistical analysis 197 

Collected data were first visually inspected for missing values and quality. No major issues were detected apart 198 

from some missing values and erroneous ratings, which were noted during data collection.  These typically consisted of 199 

erroneous mouse clicks which prematurely terminated the rating procedure before the rating was provided. Some values 200 
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 9 

were also taken out as the patient indicated a lack of attention during the stimulus period which was noted during data 201 

collection. Erroneous ratings were documented and set to missing. Average of three (or less) repeated ratings was used in 202 

statistical analysis. In the case of missing data, the average of the existing repetitions was used. 203 

The statistical analysis was conducted in the following steps described in the pre-registered protocol. Pain extent 204 

ratings were analyzed using a 4 ´ 2 ´ 2 repeated-measures Analysis of Variance (ANOVA) with “temperature” (43, 45, 47, 205 

49°C), “site” (forearm, hand) and “duration” (5s, 10s) as within-subject factors. This analysis allowed for testing the primary 206 

hypothesis that i) progressive increases in noxious stimulus intensity will elicit greater extent of pain and secondary 207 

hypotheses that ii) greater extent of pain will be observed in hairy skin, and iii) when noxious stimuli are longer (10s vs 5s). 208 

Main F tests were followed by series of post-hoc comparisons (e.g., pain extent in 49°C > in 47°C). Greenhouse-Geisser 209 

correction was applied if sphericity assumption was violated, and Bonferroni correction was applied to control type I error 210 

rate. 211 

In the second step, the same set of analyses was repeated as in the step 1, but instead of the pain extent ratings, the 212 

main dependent variable (DV) was extent of light. This analysis addressed three control hypotheses: it was hypothesized 213 

that the i) intensity of visual stimuli will not be related to their perceived extent, ii) the site of body stimulation (hand vs. 214 

forearm) as well as iii) the duration of the visual stimuli (5s vs. 10s) will not influence perceived extent of light. Furthermore, 215 

to validate the measurement paradigm and to address hypothesis that monotonic increases in the extent of visual stimuli will 216 

be related to their perceived extent, one additional ANOVA was performed with “light stimulus” (0.36, 2.56, 6.76, 217 

12.96cm2) as a within-subject factor and light extent set as DV. 218 

To validate our results and replicate stimulus-response characteristics of noxious heat [12], analysis from steps 1 219 

and 2 were repeated but with intensity of pain and light set as DVs. Univariate Pearson correlations of pain extent ratings 220 

(and light extent ratings) with pain intensity (and perceived light intensity) were performed to address hypothesis that more 221 

sensitive individuals will report pain of greater extent. We also tested for potential correlations between pain extent ratings 222 

and tactile acuity (2PD thresholds). Exploratory analyses testing for age effects, sex effects and clustering (mixture model) 223 

were performed. 224 

Lastly, as a form of psychophysical summary, curve fitting was performed to describe stimulus-response 225 

relationship by using Steven’s power function. Individual stimulus-response functions were determined at the subject level 226 

and explored through visual assessment for accuracy. Subsequently, the curve was fitted to each individual outcome 227 
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(intensity, extent, and unpleasantness) within the pain and visual domain (specifically, intensity and extent). The following 228 

general power function was initially tested. 229 

𝝍(𝑰) = 	𝒌 ∙ 𝑰𝜶    where: 𝐼	is a stimulus 𝑘 = intercept, a is the exponent, 𝜓	is a percept. 230 

The formula was later adjusted towards ‘effective threshold model’ [8] due to poor fitting 231 

performance of the original equation [3]: 232 

𝝍(𝑰) = 	𝒌 ∙ (𝑰 − 𝑰𝟎)𝜶   where: 𝐼#	is a first baseline value (e.g., in heat 43°C), 233 

As a result, exponents for each individual were determined by using stimulus data (temperature: 43, 45, 47, 49°C, 234 

light intensity in lumens: 2, 4, 6, 8 ´ 102), and perception data (ratings of participants). Exponents were later extracted at 235 

the individual level and averaged across experimental conditions. 236 

Whenever it was possible mean differences were reported with 95% confidence intervals (CI) and effects sizes were 237 

reported using Cohen’s dz and/or h2
p. Pre-processing of the data was performed using MATLAB R2023b (MathWorks, 238 

Natick, MA) and all statistical analyses were conducted using IBM Statistical Package for Social Science (SPSS Version 239 

25, Armonk, NY). 240 

 241 

Figure 3. Individual superimposed ratings from selected conditions: >80% of individuals reported different degree of pain 242 
radiation (left). Their spatial ratings were very accurate – when light projected the square of 12.96cm2 the variability of responses was 243 
marginal and overlapped with the actual size of the stimulus (middle). Light perception did not “spread” when the most intense light 244 
was used as opposed to pain (left vs. right panel). 245 

3. RESULTS 246 

3.1. Pain extent ratings 247 

The ANOVA analysis revealed significant effects of “stimulus/temperature” (F(1.02, 50.16) = 14.25, p < 0.001, h2p = 248 

0.23, see Figure 3 and 4), indicating that pain extent increased as a function of stimulus intensity and followed the 249 

exponential gradient: 43°C vs. 45°C [p = 0.10, mean diff. = -0.58, 95% CI: -1.22 to 0.06], 45°C vs. 47°C [p = 0.03, mean 250 
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diff. = -6.27, 95% CI: -12.11 to -0.44], 47°C vs. 49°C [p < 0.01, mean diff. = -18.22, 95% CI: -30.59 to -5.86]. Same analysis 251 

revealed also significant main effects of “site” (F(1, 49) = 6.12, p < 0.05, h2p = 0.11) and “duration” (F(1, 49) = 12.12, p < 0.01, 252 

h2p = 0.20) meaning that, in general, i) greater extent of pain was found at the forearm compared to hand and ii) longer 253 

stimulus duration led to greater pain extent (Figure 4). 254 

Furthermore, significant “site” ´ “stimulus” (F(1.15, 56.14) = 3.83, p < 0.05, h2p = 0.07) and “duration” ´ “stimulus” 255 

(F(1.09, 53.22) = 10.91, p < 0.01, h2
p = 0.18) interactions were found: Both interactions indicated that i) forearm as stimulated 256 

site and ii) duration of noxious heat of 10s led to more pronounced extent of pain independently. Other effects were not 257 

statistically significant. Of note, the pain extent was either smaller (43°C: t(49) = -3.41, p < 0.01, mean diff. = 1.11, 95% CI: 258 

-1.76 to -0.45) or equal to the size of stimulus (45°C: t(49) = -1.22, p = 0.23, mean diff. = -0.53, 95% CI: -1.41 to 0.34). 259 

However, in the context of the 47° the area at which pain was reported was on average 3.23´ larger than actual area 260 

(2.56cm2) of stimulation (47°C: t(49) = 2.32, p < 0.05, mean diff. = 5.73, 95% CI: 0.76 to 10.71), and 10.35´ larger when 261 

temperature was set to 49°C (t(49) = 3.53, p < 0.001, mean diff. = 23.94, 95% CI: 10.30 to 37.57). The pain extent was even 262 

12.42 ´ larger than stimulation area in the most noxious experimental condition: 49°C delivered for 10s to the forearm (t(49) 263 

= 3.97, p < 0.001, mean diff. = 31.79, 95% CI: 15.68 to 47.90). 264 
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Figure 4. Intensity of heat stimulation (upper panel) and intensity of light stimulation (lower panel) affect extent ratings 266 
differently. Pain became more extended as a function of noxious stimulus intensity (upper left) reaching pain extent that was almost 13 267 
times greater than the actual stimulated area (=2.56cm2) with 49°C. Of note, 43°C*** was related to pain of lesser extent than actual 268 
size of the stimulus, whereas 47°C* and 49°C*** stimuli led to pain extent that was greater than the area of stimulation (horizontal line). 269 
Significant interaction with stimulus duration (middle) and the site exposed to stimulus (right) indicated that longer stimulus and hairy 270 
skin (forearm) produced more pain radiation (greater pain extent ratings) in response to 47 and 49°C but not 43 and 45°C. Light extent 271 
(lower panel) ratings remained relatively stable when intensity (luminance) varied (left). No significant interactions with stimulus 272 
duration (middle) and site (right) were found. Significance level: ***p < 0.001, **p < 0.01, *p < 0.05. Error bars depict standard error of 273 
the mean (SEM). 274 

No significant correlations were found between age and pain extent at hand (rs =-0.04, p = 0.81) or forearm (rs = -275 

0.08, p = 0.57), length of the hand and pain extent (rs = 0.04, p = 0.80) or length of the forearm (rs = -0.02, p =0.88). 276 

However, pain intensity was moderately related to the magnitude of the extent of pain intensity explaining less than 25% of 277 

the pain extent variability (see Figure 5). Adding unpleasantness to regression model did not affect percentage of the 278 

variance explained (49°C, forearm, long pulse: R2 = 0.13 vs R2 = 0.15). No relationship was found between the pain extent 279 

(forearm, 10s) and unpleasantness/intensity ratio (r = 0.05, p = 0.71). No significant sex differences (49°C, forearm, long 280 

pulse) were found in pain extent (t(48) = 0.09, p = 0.93, d =0.03), pain intensity (t(48) = 1.50, p = 0.14, d =0.43) and pain 281 

unpleasantness (t(48) = 1.38, p = 0.17, d =0.39). Descriptive statistics for these subgroups are provided in the Appendix. 282 

3.2. Intensity of pain 283 

The ANOVA analysis on pain intensity ratings revealed significant effects of “site” (F(1, 49) = 24.58, p < 0.001, h2p 284 

= 0.33), “duration” (F(1, 49) = 22.70, p < 0.001, h2p = 0.32) and “intensity” (F(1.36, 66.76) = 149.59, p < 0.001, h2p = 0.75), 285 

meaning that, in general, i) more intense pain was found at the forearm compared to hand and ii) longer stimuli duration led 286 

to more intense pain. The significant effect of “intensity” indicated gradient of reported pain intensity following the 287 

exponential growth: 43°C vs. 45°C [p < 0.01, mean diff. = -0.25, 95% CI: -.42 to -0.07], 45°C vs. 47°C [p < 0.001, mean 288 

diff. = -1.59, 95% CI: -2.04 to -1.14], 47°C vs. 49°C [p < 0.001, mean diff. = -2.20, 95% CI: -2.70 to -1.70]. Furthermore, 289 

the following significant two-way interactions were found: “site” ´ “duration” (F(1, 49) = 5.20, p < 0.05, h2p = 0.10), “site” ´ 290 

“intensity” (F(1.99, 97.75) = 12.30, p < 0.001, h2p = 0.20) and “duration” ´ “intensity” (F(2.32, 113.61) = 17.61, p < 0.001, h2p = 291 

0.26), indicating that i) forearm was more sensitive site over the hand with longer stimulus duration ii) same temperature 292 

was perceived differently if it was presented to hand vs forearm iii) and if it was presented using short vs. long stimulation. 293 

Lastly, a significant 3-way “site” ´ “duration” ´ “intensity” interaction was found (F(2.47, 120.98) = 9.00, p < 0.001, h2p = 0.16), 294 

meaning that trajectories of increase in pain were modulated by stimulus duration (5s vs. 10s), however this modulation was 295 

stronger at the forearm compared to hand (Figure 6). The same pattern of ANOVA results was found in pain unpleasantness 296 

(Appendix). 297 
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 298 

Figure 5. Relationships between pain extent and perceived pain intensity are moderate. Explained variance ranged from 9% 299 
(forearm, stimuli of 5s) to 20% (hand, stimuli of 10s). This illustration points that up to 91% of pain extent variability (85% on average) 300 
is explained by factors others than percept within the intensity domain. Significance of linear regression line: **p < 0.01, *p < 0.05. 301 

3.3 Perceived light extent 302 

The ANOVA analysis did not show significant effects of “site” (F(1, 41) = 0.19, p = 0.66, h2p = 0.004) and “duration” 303 

(F(1, 41) = 1.05, p = 0.35, h2p = 0.02). However, significant effect of “intensity” was found (F(1.36, 55.64) = 11.57, p < 0.001, h2p 304 

= 0.22), meaning that, in general, visual stimulus was perceived as more extended when more intense light was displayed 305 

on targeted site (Figure 4). This effect, however, seemed marginal when contrasted with pain extent as only one comparison 306 

was statistically significant: 2 vs. 4 [p = 1.0, mean diff. -0.06, 95%CI: -0.24 to 0.11], 4 vs. 6 [p < 0.02, mean difference: -307 

0.24, 95%CI: -0.46 to -0.03], 6 vs. 8 ´ 102 lux [p = 0.10, mean diff. -0.30, 95% CI: -0.63 to 0.03]. Also, a significant “site” 308 

´ “duration” interaction was found, likely reflecting minor positioning and technical differences between the light being 309 

displayed on different sites at varying distances from the eye (F(1, 41) = 5.59, p < 0.05, h2
p = 0.12). No other significant effects 310 

were found for this outcome (Appendix). Perceived light intensity was not related to the perceived extent of light within 311 

each intensity (p > 0.19, rs > 0.19). 312 

3.4. Light intensity 313 

The ANOVA analysis on light intensity revealed significant effect of “intensity” (F(1.47, 60.19) = 85.54, p < 0.001, h2p 314 

= 0.68). Perceived light was reported as more intense with more intense stimulation, as follows: 2 lux vs. 4 lux [p < 0.001, 315 

mean difference: -2.48, 95% CI: -3.35 to -1.62], 4 lux vs. 6 lux [p < 0.001, mean difference: -0.70, 95% CI: -0.98 to -0.41], 316 

6 lux vs. 8 lux ´ 102 [p < 0.001, mean difference: -0.45, 95% CI: -0.75 to -0.15]. No other main or interaction effects were 317 

found within light intensity domain (Appendix). 318 
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 319 

Figure 6. Perceived intensity of pain (upper panel) and light (lower panel) varied as function of stimulus intensity, its duration, 320 
site, and their interactions. Pain (upper panel) is perceived as more intense with higher temperatures (left), however, at the forearm 321 
(hairy skin) this effect is somehow modulated by duration of the stimulus. Longer duration led to more intense pain induced with 49°C, 322 
47°C as well as 45°C (right). At hand site (glabrous skin) longer duration of stimuli contributed to more intense pain, however, only for 323 
49°C stimulus (middle). Interestingly, perceived light intensity (left) followed logarithmic rather than exponential growth (see 324 
Appendix) and was independent on the site and duration of stimulus presentation (middle, right). Three-way interaction was not 325 
statistically significant. Significance level: ***p < 0.001, **p < 0.01, *p < 0.05. Error bars depict standard error of the mean (SEM). 326 

 327 

Figure 7. Perceived light extent was remarkably accurate. There is a clear stimulus-response relationship between the actual extent 328 
of the displayed object (cm2) and the perceived light extent (left panel). Also, participants were very accurate in their light extent ratings: 329 
One-sample -Bonferroni corrected- t tests performed on perceived light extent against the actual size of light (0.36, 2.56, 6.76, 12.96cm2) 330 
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did not reveal significant differences (middle). Light was generally perceived as more intense when the displayed object (square) was 331 
of greater magnitude indicating partial spatial summation of light perception. Significance level: ***p < 0.001, **p < 0.01. Error bars 332 
depict standard error of the mean (SEM). 333 

3.5. Displayed light of different sizes (extents): validation 334 

The ANOVA analysis revealed significant effect of “light size” (F(1.54, 75.34) = 177.86, p < 0.001, h2p = 0.78), 335 

indicating that participants clearly discriminated different sizes of displayed objects (Figure 7): 0.36cm2 vs. 2.56cm2 [p < 336 

0.001, mean diff. -2.14, 95%CI: -2.68 to -1.59], 2.56cm2 vs. 6.76cm2 [p < 0.001, mean diff. -5.56, 95%CI: -7.24 to -3.88], 337 

6.76cm2 vs. 12.96cm2 [p < 0.001, mean diff. -6.78, 95% CI: -8.40 to -5.15]. 338 

Furthermore, participants were very exact in their size estimations at all light stimulus sizes, with no statistically 339 

significant differences between estimate and actual stimulus size: 0.36cm2 [t(49) = 1.07, p = 0.29, mean diff. = 0.03, 95%CI: 340 

-0.02 to 0.08], 2.56cm2 [t(49) = -0.17, p = 0.86, mean diff. = 0.04, 95%CI: -0.46 to 0.38], 6.76cm2 [t(49) = 1.76, p = 0.09, mean 341 

diff. = 1.32, 95%CI: -0.19 to 2.83], 12.96c,2 [t(49) = 2.02, p = 0.049/ns after Bonferroni, mean diff. = 1.90, 95%CI: 0.01 to 342 

3.78]. Interestingly, greater size of the visual object was to some degree related to perceived light intensity which could 343 

suggest involvement of spatial summation: significant effect of “stimulus/size” (F(3, 147) = 30.33, p < 0.001, h2
p = 0.38, 344 

Figure 7). Namely, larger square of light was perceived as more intense following the logarithmic growth: 0.36cm2 vs. 345 

2.56cm2 [p < 0.001, mean diff. -0.73, 95%CI: -1.17 to -0.30], 2.56cm2 vs. 6.76cm2 [p < 0.01, mean diff. -0.57, 95%CI: -1.01 346 

to -0.13], 6.76cm2 vs. 12.96cm2 [p = 1.00, mean diff. -0.09, 95%CI: -0.48 to -0.31]. 347 

3.6. Psychophysical summary 348 

Steven’s power law was fitted to the data at the subject level and exponents were extracted. In general, pain intensity, 349 

unpleasantness and pain extent exhibited exponential increases with an exponent close to m = 4. In, contrast, perceived light 350 

intensity was described by exponent lower than 1, and light extent closer to 1, thus approximating a linear relationship 351 

(Figure 8). 352 

3.7. Tactile acuity and pain extent  353 

No significant correlations were found between the 2PD thresholds measured at the hand site and the magnitude of 354 

pain radiation in response to 10s (r = 0.06, p = 0.66) as well 5s stimulation (r = 0.08, p = 0.58). Similar results were noted 355 

at the forearm site: 10s stimuli (r = 0.01, p = 0.96), 5s stimuli (r = -0.09, p = 0.54). 356 
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 357 

Figure 8. Mean exponents extracted from power functions. The horizontal dashed line represents an exponent = 1, indicating a fully 358 
linear relationship between stimulus and perception. Exponents higher than 1 indicate exponential growth, while those lower than 1 359 
suggest logarithmic increase. Perceived pain intensity and unpleasantness exhibited steep exponential growth, consistent with recent 360 
findings on larger sample [12]. Similarly, pain extent increased exponentially with temperature (left panel). Conversely, perceived light 361 
intensity followed logarithmic increases, aligning with psychophysical literature [41]. 362 

4. DISCUSSION 363 

Noxious thermal stimuli produced pain that extended far beyond the confines of the stimulated skin region, with a 364 

12´ larger pain extent than the area of the skin stimulated. This pain radiation effect is present with temperatures higher 365 

than 45°C and can be easily evoked at glabrous and non-glabrous skin as well with 5 and 10s stimulation. Within subjects, 366 

pain radiation increased as noxious stimulus intensity increased as predicted by population coding mechanisms. However, 367 

between-individual differences in perceived pain intensity were only weakly related to the pain radiation, leaving up to 85% 368 

of pain radiation accounted by factors other than pain sensitivity. Thus, these spatial attributes of pain may likely involve 369 

population coding mechanisms largely distinct from those that encode pain intensity. 370 

Our observations echo early psychophysical observations. The first experimental evidence for the ability of 371 

cutaneous pain to expand dates back to 1949 when Kunkle et al. [15] reported in a sample of medical students that following 372 

immersion of single digit into cold water some individuals reported pain not only in stimulated digit, but also in the adjacent 373 

one. This effect persisted even though the adjacent finger was topically anaesthetized. In the next related investigation Price 374 

et al. [31] used graded noxious thermal stimuli to induce pain in 5 healthy participants. No increase in skin temperature was 375 

observed 2-3mm from the probe’s edge [31], consistent with evidence that skin cooling mechanisms such as local 376 

vasodilation prevent temperature from spreading [18] and isolate the stimulated skin from surrounding areas [11] 377 

comparably to laser stimulation [10]. In the Price et al. study [31], approximately 60% of trials (49°C of 5s duration) were 378 
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associated with radiation of pain. Higher temperatures of 51°C were linked to even greater reports (80% of trials) of pain 379 

radiation. Whether the spread of pain generalizes to sensory modalities other than heat and cold remains to be tested. 380 

However, referred pain is larger with more intense  [29] and longer [9] mechanical stimulation. 381 

4.1. Duration of noxious stimulation 382 

More recently, two studies examined pain extent in response to a temporal summation paradigm using noxious heat 383 

(or cold) stimuli. The extent of pain increased over repeated stimulus applications [26]. In the subsequent study Naugle et 384 

al. [25] found that this effect is positively associated with the age and is more prevalent in older women in particular. To 385 

some extent, our results are in line with previous studies with regards to the effect of duration of exposure to heat, however, 386 

we did not find any association between pain extent and sex or age. This negative finding should be cautiously interpreted 387 

as the study itself was not powered to investigate effects of sex and age. Thus, future studies should investigate these effects 388 

prospectively in different age groups. 389 

In the current study, longer noxious heat stimulation led to greater pain radiation. Receptive fields (RFs) of spinal 390 

neurons have been shown to expand in response to nociceptive stimulation. Expansion is typically not immediate [13] and 391 

takes place within minutes of stimulation with bradykinin [13] or mustard oil [38], although relatively brief (20s) irritation 392 

of C fibers can evoke up to 400% increases in RFs of the spinal nociceptive neurons in rats [7]. These increases in RFs sizes 393 

may contribute to recruitment of larger populations of spinal cord neurons and could potentially provide a substrate for the 394 

radiation of pain. 395 

4.2. The effect of stimulation site 396 

Pain extent was markedly different at hairy skin (forearm) vs. glabrous skin (palm). Two peripheral factors could 397 

potentially contribute to these differences. First, A-δ fiber innervation differs between hairy and glabrous skin. Hairy skin 398 

has both A mechano-heat sensitive Ad-fibers type I (I AMHs) and type II (II AMHs), while glabrous skin has only AMHs 399 

type I. However, the RF sizes of AMH-II vs. AMH-I fibers are not different [43] and therefore could not contribute to 400 

differential pain radiation. Second, C-fibers are present in both hairy and glabrous skin and exhibit a distal-proximal gradient 401 

of RFs size. Distal areas have smaller RFs sizes than proximal areas [39]. However, in the study by Treede et al. [43] RFs 402 

sizes of both A-δ and C-fibers were not different between hairy and glabrous skin. This leaves the impact of RFs sizes of 403 

primary afferents (heat-responsive) involvement in pain extent somewhat uncertain. However, peripheral determinants are 404 

likely superseded by central mechanisms. The hand is more precisely represented somatotopically within SI compared to 405 
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the forearm, and has smaller noxious 2PD thresholds and localization errors [20]. This finer spatial tuning in the hand may 406 

result in more focused neuron recruitment and lesser radiation of pain.  407 

4.3. Accuracy of spatial extent ratings 408 

Control stimuli in the form of visual objects (squares) projected onto the forearm allowed us to quantify 409 

measurement error as well as illustrate the absolute accuracy of the extent rating procedure. Results showed that a visual 410 

stimulus is rated on average with 0.04cm2 precision, meaning that the error  the participant made during extent rating 411 

procedure was likely smaller than 1% of the actual size of the object. When visual stimuli were presented with different 412 

dimensions from 0.36cm2 to 12.96cm2 - their ratings were accurate: one-sample comparisons did not show significant 413 

differences from the size of the target. This nearly exact “matching” is even more surprising considering that the rating 414 

procedure was performed after the stimulus was turned off, and therefore required a memory component. Thus, when 415 

generalized to pain extent ratings, errors related to the act of making a rating account for a negligible amount of variability 416 

of reports of the pain extent, at least in healthy individuals. Future studies should examine this paradigm in individuals with 417 

chronic pain. 418 

4.4. Pain radiation: Individual differences 419 

Individual differences in intensity of pain only marginally contributed to the variance in pain extent (~15% of 420 

variability). This finding holds substantial significance: First, it suggests that factors linking the experienced pain extent to 421 

stimulus extent are distinct from factors linking experienced visual extent to stimulus extent. Second, it indicates that 422 

different sources of errors (such as those related to the delivery of the stimulus, reception, appraisal, and manual operation 423 

of the trackball) combined contribute to less than 0.01% of the explanation for the variability in pain extent. In summary, 424 

one can conclude that the remaining 85% of the variability in pain extent is attributed to factors other than pain intensity, 425 

unpleasantness, and error in rating. Thus, the subjective experience of pain extent is largely independent from the subjective 426 

experience of pain intensity or unpleasantness. Previous studies have also found virtually no relationship between the 427 

magnitude of spatial summation of pain and individual differences in pain intensity [1,34].  The existence of such a 428 

substantial unexplained source of information suggests the presence of an independent set of mechanisms responsible for 429 

extracting spatial information within the DNS. Indeed, the spatial features of pain are processed via a dorsal stream involving 430 

the posterior parietal cortex and dorsolateral prefrontal cortex, while nonspatial features, such as pain intensity, are 431 

processed by a ventral stream involving the anterior insular cortex and prefrontal cortex [17,28]. 432 

  433 
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4.5. Population coding 434 

The number of neurons recruited by a given noxious stimulus is likely determined by several factors.  First, 435 

anatomical factors likely define the limits of recruitment.  In the spinal cord, such factors would include primary afferent 436 

arborization as well as propriospinal interconnections [5,24].  Second, within these limits, the relative contribution of 437 

excitatory and inhibitory processes will dynamically define the functional receptive field sizes of individual neurons at a 438 

given point in time. Increasing receptive fields sizes would result in increasing recruitment of neurons within the population, 439 

while decreasing receptive field sizes would reduce the number of neurons recruited. Psychophysical evidence suggests that 440 

inhibition can minimize spatial summation of pain [22] and reduce the recruitment of nociceptive neurons [2]. Consistent 441 

with this finding,  low noxious stimulus intensities produced a perceived extent of pain that was smaller than the body region 442 

stimulated, suggesting that inhibitory processes were dominating. Conversely as noxious stimulus intensities exceeded 45°C 443 

the perceived area of pain was substantially larger than the stimulated area, suggesting that excitatory neural processes 444 

began to dominate. Consistent with predictions related to the recruitment of spinal cord activity in animal [6] and human 445 

[40] models, pain continued to spread as stimulus intensities increased to 49°C.  446 

More widespread neuronal recruitment can not only explain extensive radiation observed in the current study, but 447 

also other sensory phenomena such as “filling-in” wherein the DNS interpolates the missing information. In the study by 448 

Quevedo & Coghill [34] separation of two nociceptive foci by 10cm contributed to feeling of contiguous pain without actual 449 

stimulation. This form of interpolation is possible through increased activation in populations of neurons and can account 450 

for clinical phenomena such as widespread pain (Appendix 1). 451 

In summary, sensory features of pain can provide important insights into the nervous system mechanisms giving 452 

rise to these experiences. The relative independence of the spread of pain from perceived pain intensity indicates that largely 453 

distinct mechanisms are involved in the spatial representation of pain versus perceived pain intensity. 454 
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