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A B S T R A C T   

Multisensory interactions between pain and vision allow us to adapt our behavior to optimize detection and 
reaction against bodily threats. Interactions between different sensory inputs are enhanced when they are 
perceived closely in space and time. However, thermo-nociceptive and visual stimuli are conveyed to the cortex 
through specific pathways with their own conduction velocity. The present experiment aims to measure the 
necessary asynchrony between a nociceptive stimulus and a visual stimulus for both to be perceived as occurring 
simultaneously. Healthy volunteers performed a temporal order judgment task during which they discriminated 
the temporal order between a laser-induced nociceptive stimulus applied on one hand dorsum and a visual 
stimulus presented next to the stimulated hand. Laser stimulus temperature selectively activated Aδ- and/or C- 
fiber afferents. In order to be perceived as occurring simultaneously with a visual stimulus, a thermo-nociceptive 
input selectively conveyed by C-fiber afferents must precede the visual stimulus by 577 ms on average, while the 
stimulus-evoked input conveyed by Aδ-fiber afferents must precede it by 76 ms on average. This experiment 
focuses on the necessary asynchrony between thermo-nociceptive and visual inputs for them to be perceived 
simultaneously, to optimize the conditions under which they interact closely. Since C-fibers are unmyelinated, 
the asynchrony between a C-fiber stimulus and a visual stimulus is much greater than the asynchrony between a 
nociceptive stimulus additionally activating Aδ-fibers and that same visual stimulus. It is crucial to consider 
these discrepancies in further studies interested in multisensory interactions.   

1. Introduction 

Events occurring in our environment are generally perceived as 
unitary coherent percepts even if they are conveyed by multiple senses. 
Regarding the perception of pain and the detection of bodily threats, 
nociception and vision are thought to interact closely to inform about 
the source and location of harmful stimuli in the surrounding space. For 
instance, nociceptive and visual stimuli influence each other’s percep-
tion especially when the visual stimulus occurs in the close vicinity of 
the limb on which the nociceptive stimulus is applied [1,2]. However, 
the cortical mechanisms underlying the interaction between nocicep-
tive and visual inputs are still largely unknown. In addition to spatial 
congruence, multisensory research conducted in other sensory mod-
alities, such as vision and audition, also indicates that interactions are 
maximized when the different stimuli are perceived close together in 
time [2–6]. However, if information about a given stimulus is conveyed 
by more than one sensory modality, the afferent input conveyed within 

each activated sensory modality will, in many instances, reach the 
cortex at markedly different times. For example, if the physical distance 
between an audiovisual stimulus and its observer is important, the time 
required for the sound waves to reach the ear will be far greater than 
the time required for light to reach the eye. Additional differences in 
timing may arise from differences in receptor transduction times as well 
as the time required for that sensory input to reach the cortex. Con-
sidering nociception and vision, the slow conduction velocities of 
thinly-myelinated Aδ fibers (∼10 m/s [7]) and unmyelinated C fibers 
(∼1 m/s [8]) can be expected to introduce very large timing differ-
ences, especially when nociceptive stimuli are delivered to the distal 
end of a limb, i.e. when peripheral conduction distance is large. Visual 
information is transmitted to the cortex in less than 100 ms [9]. In 
contrast, the first cortical responses to nociceptive stimuli delivered to 
the hand are observed approximately 150 ms after stimulation onset for 
inputs conveyed by Aδ fibers and up to one second after stimulation 
onset for inputs conveyed by C fibers [10]. This implies that, when 
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applied concomitantly, the visual stimulus can be completely processed 
while the input conveyed by thermo-nociceptive pathways has not even 
reached the brain yet [11]. 

Such asynchrony between nociceptive and visual stimuli has been 
assessed in a study conducted by Zampini et al. [12]. In a temporal 
order judgment (TOJ) task, laser stimuli applied on the dorsal forearm, 
with an energy above the activation threshold of Aδ-fiber afferents, and 
visual stimuli projected onto the same skin area, were presented with 
varying stimulus onset asynchronies (SOAs). Participants were re-
quested to judge which of the two stimuli they perceived as first or 
whether they were simultaneous. Participant responses were then used 
to determine the SOA at which both stimuli were perceived as si-
multaneous, referred to as the point of subjective simultaneity (PSS). 
When participants were instructed to equally attend to the two stimuli, 
the laser stimulus had to precede the visual stimulus by approximately 
40 ms for the two stimuli to be perceived as coinciding. 

The present study aimed to assess the PSS for visual stimuli and 
nociceptive stimuli selectively activating unmyelinated C-fiber afferents 
which – when stimulating the distal end of a limb – require several 
hundreds of milliseconds to reach the cortex. Importantly, in addition 
to this delay, the so-called sensation of ‘second pain’ conveyed by C 
fibers is often considered as being poorly defined in terms of location 
and timing compared to the sensation of ‘first pain’ conveyed by Aδ 
fibers [10]. Therefore, in addition to assessing and comparing the PSS 
for visual and C-fiber inputs to the PSS for visual and Aδ-fiber inputs, 
we also assessed the slope of the psychometric curves to determine 
whether temporal discrimination abilities (see [13,14]) differed be-
tween the two types of visuo-nociceptive pairs. The methods we de-
veloped here allow to optimize the conditions under which multi-
sensory interactions between visual and nociceptive stimuli can be 
observed and investigated. 

2. Methods 

2.1. Participants 

Twenty healthy volunteers participated in the study. Three partici-
pants were excluded from the analyses because of technical issues or 
excessive habituation to the nociceptive stimuli. The mean age of the 
remaining 17 participants (9 women–8 men) was 23.1 years (SD = 1.5, 
range 21–27 y.). Exclusion criteria were non-corrected vision difficul-
ties, any neurological, cardiac, psychiatric or chronic pain disorder, 
trauma of the upper limbs within the lasts 6 months preceding the 
experiment, tissue damage or dermatological disease of the hands, 
regular use of psychotropic drugs and intake of analgesic drugs within 
the 12 h before the experiment. According to the Flinders Handedness 
survey [15], 13 participants were right-handed, 3 left-handed and 1 
was ambidextrous. The local ethic committee approved the experi-
mental procedure in agreement with the Declaration of Helsinki. All 
volunteers signed an informed consent prior to the experiment and 
received financial compensation for their participation. 

2.2. Stimuli and apparatus 

During the experiment, participants were seated on a chair in front 
of a table. A cross to fixate participants’ gaze was placed on the table 
surface, in front of their midsagittal plane, 40 cm from their trunk. 
Participants were asked to place their hands palms down on the table, 
with the metacarpophalangeal joint between each index finger and the 
thumb located 1 cm from two landmarks placed 15 cm on either side of 
the line extending their midsagittal plane (see Fig. 1). 

Thermo-nociceptive stimuli consisted of radiant heat stimuli deliv-
ered to the dorsum of the two hands using a temperature-controlled 
CO2 laser stimulator (10.6 μm wavelength, Laser Stimulation Device, 
SIFEC, Ferrières, Belgium) [16]. The stimulus profile was made of a 10- 
ms heating ramp to reach the target temperature, followed by a 90-ms 

plateau [13,14,17]. Beam diameter was 6 mm, with a constant energy 
distribution across the entire beam. The target of the laser beam was 
displaced after each stimulus application. 

Visual stimuli consisted of flashes lasting 5 ms and delivered by a 
white light-emitting diode (LED) with a 17-lm luminous flux, a 6.40-cd 
luminous intensity, and a 120° diffusion angle (GM5BW97330A, Sharp 
Corporation, Osaka, Japan). The LED was placed on the table, on the 
marker next to the hand dorsum receiving the laser stimuli, without any 
contact with the skin. 

2.3. Estimation of C-fiber and Aδ-fiber detection thresholds 

C-fiber and Aδ-fiber thermal detection thresholds were respectively 
measured in each participant using an adaptive staircase procedure (see 
[16] for details). Absolute detection of the laser stimuli was used as 
criterion to determine the C-fiber thermal detection threshold, as the 
thermal detection threshold of C fibers is known to be lower than that of 
Aδ fibers. To determine the detection threshold of Aδ fibers, reaction 
times shorter than 650 ms were used as criterion for the detection of Aδ- 
fiber input. When stimulating the hand dorsum, this cutoff has been 
shown to effectively discriminate between Aδ- and C-fiber sensations 
[16]. Thresholds were estimated on either the left hand or the right 
hand (counterbalanced across the participants). The C-fiber detection 
threshold was always estimated before the Aδ-fiber detection threshold 
(the reverse procedure could have made it difficult to detect low in-
tensity stimuli after having overheated the skin with high intensity 

Fig. 1. Experimental setup. Participants were asked to judge the temporal order 
between thermo-nociceptive and visual stimuli delivered in pairs. A tempera-
ture-controlled CO2 laser was used to deliver thermo-nociceptive stimuli on the 
hand dorsum (the figure illustrates the stimulation of the right hand). Visual 
stimuli were delivered by means of a white LED placed near the hand on which 
the thermo-nociceptive stimuli were applied. The hand and the LED were po-
sitioned using landmarks, placed 15 cm on either side of the line extending the 
participant's midsagittal plane. The line joining the two landmarks intersected 
the midsagittal line perpendicularly, 30 cm from the participant's trunk. Ten cm 
further, i.e. 40 cm from the participant's trunk, a fixation cross was placed to 
stabilize the participant's gaze. 
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stimuli). 
Individual detection thresholds were used to determine, for each 

participant, two target stimulation temperatures. The first target tem-
perature (C-stimulus) corresponded to the average of C-fiber and Aδ- 
fiber detection thresholds. At this intensity, most stimuli can be ex-
pected to activate C-fiber afferents without concomitantly activating 
Aδ-fiber afferents. The second target temperature (Aδ-stimulus) was set 
5 °C above the Aδ-fiber detection threshold. At this intensity, most 
stimuli can be expected to activate Aδ-fiber afferents without producing 
any burn lesions (see [17] for details). Participants reported the sen-
sation elicited by the C-stimulus as warm and the Aδ-stimulus as 
pricking. 

2.4. TOJ task 

The TOJ task consisted in four separate blocks of 40 trials each. In 
two of these blocks, participants performed the TOJ task on pairs of 
visual and laser C-stimuli. In the other two blocks, they performed the 
TOJ task on pairs of visual and laser Aδ-stimuli. To avoid over-
stimulation of the skin, only one type of laser stimulus was tested and 
applied on each hand. Half of the participants received laser C-stimuli 
on the left hand and Aδ-stimuli on the right hand, and vice versa for the 
other half of the participants. The choice of the hands according to the 
stimulated fibers was counterbalanced between participants. To pre-
vent response biases, for each of these two blocks, participants were 
asked to report which of the two stimuli was perceived first in one 
block, and which of the two stimuli was perceived second in the other 
block [11]. Unspeeded responses were provided verbally using the 
words ‘visual’ or ‘laser’. The order of the four blocks was counter-
balanced for each participant. 

Each trial of each block consisted of a pair of visual and laser stimuli. 
Before each experimental block, participants were presented with two 
pairs of stimuli of the corresponding condition, in order to be familiarized 
with the elicited sensation and with the task. During the task, a verbal 
warning was delivered approximately 500 ms before the onset of the first 
stimulus of each pair. For pairs of visual and C-stimuli, the C-stimulus was 
always delivered before the visual stimulus, due to the ultra-slow latency 
of responses to C-stimuli. The pairs were separated by 16 possible SOAs: 
+100, +220, +270, +320, +370, +420, +460, +490, +510, +540, 
+580, +630, +680, +730, +780, +900ms. For pairs of visual and Aδ- 
stimuli, the Aδ-stimulus could either precede the visual stimulus (positive 
SOAs) or follow the visual stimulus (negative SOAs), with 14 possible 
SOAs: ± 200, ± 150, ± 100, ± 80, ± 60, ± 40, ± 20ms. The SOAs were 
chosen based on the prior value of the PSS, respectively estimated for each 
fiber condition during pilot experiments (see below). Fourteen SOAs were 
defined with increasing steps as a function of the distance of the SOA from 
the prior estimate of the PSS [2,11,13,14]. The number of SOAs was in-
creased for experiments testing the C-stimuli conditions because of the 
larger variability of the responses as compared to trials with Aδ-stimuli. 

Using these predefined SOAs, the adaptive psi method was used to 
determine the SOA of each trial considering the participants’ responses 
to all previous trials of the block. The psi method is a Bayesian adaptive 
algorithm that can be used to estimate not only the threshold but also 
the slope of the psychometric function (see [2,11,18] for details). The 
adaptive psi method estimates the parameters of the psychometric lo-
gistic function f(x) = 1/(1+exp(-β(x-α))) at each trial [19]. The α 
parameter corresponds to the threshold and characterizes the PSS, that 
is, the SOA at which visual and thermo-nociceptive stimuli are equally 
likely to be perceived as first or second. Its prior estimates were set to 
500 ± 200 ms for visual/C-stimuli pairs and 70 ± 20 ms for visual/Aδ- 
stimuli pairs. The β parameter corresponds to the slope of the psycho-
metric curve, and its prior estimates were set to 0.06 ± 0.6 for both 
types of stimulation pairs. These prior estimates were selected based on 
a pilot experiment. 

After each trial, participants qualified the sensation elicited by the 
laser stimulus using a list of descriptor words [20]. If the laser stimulus 

was not perceived, if a C-stimulus was qualified as pricking or if an Aδ- 
stimulus was qualified as warm, the trial was discarded and repeated. 
After each trial, the laser beam was displaced. Participants’ responses 
were encoded by the experimenter using computer keys. The next trial 
started immediately once the response encoded. There was no fixed 
inter-trial time interval, but it was not smaller than 3000 ms. Each 
block lasted approximately five minutes. The entire experiment, in-
cluding instructions and threshold measurements, lasted about 1 h and 
a quarter. 

2.5. Measures 

The thresholds and intensities of laser stimuli were measured in 
Celsius degrees. 

For each type of stimuli pair, participant’s responses for the different 
SOAs were fitted using a logistic function (see [11,19]), producing two 
measures for each participant and stimuli pair: α parameter corre-
sponding to the PSS and β parameter corresponding to the slope of the 
psychometric function. Lower and higher abilities to discriminate the 
temporal order of the two stimuli will be represented by lower and 
greater values of β, respectively. 

Additional measures were participant height and length of the arm 
(from the styloid process of the ulna to the acromion). These measures 
were used to examine the possible relationship between the PSS and 
peripheral conduction distance. 

2.6. Data analyses 

For each participant and type of stimulation pair, the estimated PSS 
(α parameter) and slopes of the psychometric function (β parameter) 
were averaged across the two response modalities (which is first vs. 
which is second). A one-Sample t-test was then performed to test 
whether the PSS was significantly different from zero, but only for the 
visual/Aδ-stimulus condition as only positive SOAs were presented 
during the visual/C-stimulus condition. Next, paired sample t-tests were 
conducted to compare the PSS and slopes between the two types of 
stimulation pairs (visual/Aδ-stimulus, visual/C-stimulus). Effect sizes 
were evaluated by performing Cohen’s d. 

Finally, linear Pearson’s correlations were performed to estimate the 
relationship between the PSS and the height of the participants, and the 
length of their arms. Correlations between the PSS of the visual/C-sti-
mulus condition and the PSS of the visual/Aδ-stimulus condition, as 
well as the slope of the visual/C-stimulus condition and the slope of the 
visual/Aδ-stimulus condition, were computed to estimate intra-in-
dividual consistency across stimuli pair conditions. Significance was set 
at p-value < 0.05. 

3. Results 

The mean temperature of the C-fiber detection threshold was 40.9 
°C (SD = 1.3 °C). The mean temperature of the Aδ-fiber detection 
threshold was 47.4 °C (SD = 1.1 °C). The mean temperature of the C- 
stimulus used in the TOJ task was 44.0 °C (SD = 1.0 °C). The mean 
temperature of the Aδ-stimulus was 52.4 °C (SD = 1.0 °C). 

Fig. 2 illustrates the psychometric functions fitted to the TOJ data. 
For pairs of visual and C-stimuli, the mean PSS was 577 ms (SD = 99 
ms) ranging from 419 to 740 ms. For pairs of visual and Aδ-stimuli, the 
mean PSS was 76 ms (SD = 16 ms) ranging from 49 to 108 ms. This 
indicates that, to be perceived as occurring simultaneously, the C-fiber 
thermo-nociceptive stimulus delivered to the hand dorsum must pre-
cede the visual stimulus by 577 ms on average, while the Aδ-fiber 
thermo-nociceptive stimulus must precede the visual stimulus by 76 ms 
on average. The one-Sample t-test showed that the latter PSS value was 
significantly different from 0 (t(16) = 19.73, p < 0.001). The differ-
ence between the two PSS values was significant (t(16) = 22.64, 
p < 0.001, d = 5.49) showing that a greater SOA is required for the 
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thermo-nociceptive stimulus to be perceived as simultaneous to the 
visual stimulus when conveyed through C-fiber afferents as compared 
to Aδ-fiber afferents. 

Mean slope values were 0.009 (SD = 0.005) for the visual/C-sti-
mulus condition, and 0.019 (SD = 0.01) for the visual/Aδ-stimulus 
condition. The difference between the two slopes was significant (t(16) 
= -3.78, p = 0.002, d = -0.92) indicating lower temporal dis-
crimination for inputs conveyed by C fibers as compared to inputs 
conveyed by Aδ fibers. 

The height of the 17 volunteers (M = 174 cm, SD =8 cm) was not 
significantly correlated to either of the PSS values (visual/C-stimulus: r² 
= 0.05, p = 0.841; visual/Aδ-stimulus: r² = 0.35, p = 0.169). There 
was also no significant correlation between arm length (M = 57 cm, SD 
= 4 cm) and the PSS values (visual/C-stimulus: r² = -0.11, p = 0.674; 
visual/Aδ-stimulus: r² = 0.23, p = 0.383). This suggests that inter- 
individual differences in PSS values were not markedly related to dif-
ferences in peripheral conduction distance. In contrast, the PSS values 
for visual/C-stimuli and visual/Aδ-stimuli were significantly correlated 
(r² = 0.55, p = 0.021). This suggests that participants performed the 

TOJ task consistently across the experimental conditions. There was no 
significant correlation between the slope of the psychometric function 
for visual/C-stimuli and the slope of the function for visual/Aδ-stimuli 
(r² = 0.17, p = 0.503). 

4. Discussion 

The current study explored, using the PSS of a TOJ task, the ne-
cessary asynchrony between the onset of a visual stimulus and the onset 
of a thermo-nociceptive stimulus activating Aδ- and/or C-fiber afferents 
for the two stimuli to be perceived at the same time by the participant. 
Indeed, sensory inputs transmitted to the cortex by the nociceptive 
system have far greater conduction times than sensory inputs trans-
mitted by the visual system, especially for stimuli delivered to the distal 
end of a limb (i.e. when peripheral conduction distance is large), and 
for nociceptive inputs conveyed by unmyelinated C fibers (i.e. when 
peripheral conduction velocity is very slow) [7–9]. 

Our results indicate that, for the detection of inputs conveyed by Aδ 
fibers (detection of nociceptive stimuli co-activating C-fiber and Aδ- 

Fig. 2. Results of the experiment. A logistic 
function was fitted to the data of each partici-
pant and condition (visual/C-stimulus, visual/ 
Aδ-stimulus). The upper part of the figure il-
lustrates the logistic functions plotted using the 
PSS and the slope values averaged across the 
17 participants. The average psychometric 
functions for visual/C-stimuli and visual/Aδ- 
stimuli are shown in blue and red, respectively. 
X-axis: stimulus onset asynchronies between 
the visual and nociceptive stimuli (negative 
SOA values indicate that the visual stimulus 
preceded the nociceptive stimulus). Y-axis: 
proportion of trials in which the participants 
perceived the visual stimulus as occurring first. 
The average PSS was 577 ms for visual/C-sti-
muli and 76 ms for visual/Aδ-stimuli. The 
lower part of the figure illustrates the detailed 
results for the PSS (left graph) and the slopes 
(right graph) of each condition (visual/C-sti-
mulus, visual/Aδ-stimulus). The blue boxplots 
depict the results for the visual/C-stimulus 
conditions. The red boxplots depict the results 
for the visual/Aδ-stimulus conditions. For each 
boxplot, the bottom of the lower whisker re-
presents the smallest value. The top of the 
upper whisker represents the largest value. The 
horizontal line in the rectangle is the median of 
each condition. The rectangle below the line 
represents the first quartile of the data. The 
rectangle above the line represents the third 
quartile of the data. The entire rectangle re-
presents the interquartile range. The cross re-
presents the mean of the data. Points represent 
the individual PSS values for the left graph and 
the individual slope values for the right graph. 
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fiber afferents), nociceptive stimuli delivered onto the hand dorsum 
should be administrated approximately 76 ms before the visual sti-
mulus for the two to be perceived as simultaneous. For the detection of 
inputs conveyed by C fibers (detection of nociceptive stimuli selectively 
activating C fibers), the nociceptive stimulus should be delivered ap-
proximately 577 ms before the visual stimulus. 

To date, this experiment is the first to have estimated the PSS be-
tween C-fiber thermo-nociceptive inputs and visual inputs. The PSS 
between Aδ-fiber inputs and visual inputs was already investigated by 
Zampini et al. [12], in the context of different attentional settings (at-
tention focused on the nociceptive input, attention focused on the vi-
sual input, attention divided across the two inputs). Under neutral 
conditions (attention divided across the two inputs), they found that the 
nociceptive stimulus should precede the visual stimulus by approxi-
mately 40 ms for the two to be perceived as simultaneous. This shorter 
PSS can partly be explained by the fact that they applied the stimuli on 
the forearm while we applied the stimuli on the hand dorsum, i.e. 
peripheral conduction distance was shorter in their study as compared 
to the present study. The two studies also differ according to several 
other stimulation parameters likely to affect the exact PSS values ob-
tained. The technique used to stimulate skin nociceptors and its sti-
mulation parameters can indeed influence the time that is necessary to 
reach nociceptor activation and, therefore, the latency of the brain’s 
response to the generated sensory inputs. For instance, Zampini et al. 
[12] used laser stimuli of shorter duration as compared to our stimu-
lation profile, but such a parameter is suggested to have little impact on 
TOJ [21]. Importantly, Zampini et al. [12] reported greater inter-in-
dividual variability for the estimated PSS (ranging from -91 ms to +136 
ms across 9 participants) than the PSS values estimated in the present 
study (ranging from 49 to 108 ms across 17 participants). The lower 
inter-individual variability observed in the present study could be ex-
plained by the fact that the adaptive psi method allows a more reliable 
estimation of the psychometric function even when a limited number of 
stimuli are used [19]. 

Neither the PSS for visual/C-stimuli nor the PSS for visual/Aδ-sti-
muli were correlated with the height of the participants, or with their 
arm length, both of which should be related to peripheral conduction 
distance. Furthermore, the significant correlation between the PSS for 
visual/C-stimuli and the PSS for visual/Aδ-stimuli suggests that the PSS 
is related to some intrinsic property specific to each participant. Low 
within-subject variations of PSS across different experimental condi-
tions as compared to inter-individual variations have also been reported 
in visuo-auditory experiments (e.g. [22]), suggesting that this intrinsic 
property is not specific to nociception. 

Interestingly, the slope of the psychometric function for visual/C- 
stimuli was markedly shallower than the slope of the psychometric 
function for visual/Aδ-stimuli. This could be related to the fact that the 
sensations conveyed by C-fiber inputs are typically not as sharp and 
brisk as the sensations conveyed by Aδ-fiber inputs [10]. 

5. Conclusions 

The PSS reflects the necessary asynchrony between thermo-noci-
ceptive and visual stimuli to optimize the conditions under which both 
inputs interact. Future studies in multisensory interactions must take 
into consideration that nociceptive inputs need markedly greater time 
to reach the cortex than other sensory inputs (depending to which body 
part the stimuli are applied), especially for inputs conveyed by C-fiber 
afferents. The experimental paradigm designed in this study could be 
used as a tool to individually estimate asynchronies between afferents 
from different sensory modalities. 
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