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The temporal order judgement of tactile and nociceptive stimuli is impaired
by crossing the hands over the body midline
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ABSTRACT

Crossing the hands over the midline impairs the ability to correctly judge the order of a pair of tactile
stimuli, delivered in rapid succession, one to each hand. This impairment, termed crossed-hands deficit,
has been attributed to a mismatch between the somatotopic and body-centred frames of reference, onto
which somatosensory stimuli are automatically mapped. Whether or not such crossed-hands deficit
occurs also when delivering nociceptive stimuli has not been previously investigated. In this study, par-
ticipants performed a temporal order judgement (TOJ) task in which pairs of either nociceptive or tactile
stimuli were delivered, one to each hand, while their arms were either crossed over the body midline or
uncrossed. We observed that crossing the hands over the midline significantly decreases the ability to
determine the stimulus order when a pair of nociceptive stimuli is delivered to the hands, and that this
crossed-hands deficit has a temporal profile similar to that observed for tactile stimuli. These findings
suggest that similar mechanisms for integrating somatotopic and body-centred frames of reference
underlie the ability to localise both nociceptive and tactile stimuli in space.

© 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

When a stimulus is delivered to the hand, the ability to deter-
mine its location in space relies on the integration of the informa-
tion about where the stimulus is on the skin (on the basis of the
somatotopic frame of reference) and where the hand is located in
space (on the basis of the body-centred frame of reference, ie, rel-
ative to the body midline). One way to investigate the respective
contribution of different frames of reference in the conscious local-
isation of somatosensory stimuli in space is performing a temporal
order judgement (TOJ) task while the hands are crossed over the
body midline.

In this task, 2 consecutive tactile somatosensory stimuli are
delivered in rapid succession, one to either hand, and participants
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are required to indicate in which order the 2 hands were stimu-
lated [3,11,24-28]. When the hands are crossed over the midline,
the shortest temporal interval at which judgements are correct
75% of the time (between ~40 and ~70 ms when the hands are
not crossed) doubles or triples [24,26,28]. This finding might seem
surprising because determining the temporal order of stimulation
of the 2 hands should rely on the location of the stimulus on the
body, regardless of where the hands are located in space. However,
the decrease in performance observed when the hands are crossed
(the crossed-hands deficit) suggests the presence of a conflict be-
tween 2 competing frames of reference, 1 somatotopic and 1
body-centred, onto which somatosensory stimuli are automatically
mapped [2,4,28]. Indeed, as the right hand usually occupies the
right side of space (and vice versa for the left hand), when the
hands assume an uncommon posture (eg, are crossed over the
midline) an additional time is needed to take into account the con-
flicting information from the 2 frames of reference. The observa-
tion that the crossed-hands deficit is absent in congenital, but
not late, blind people suggests that early vision is critical to devel-
op an external frame of reference for tactile localisation [25].

By recording the subjective pain ratings and the electrophysio-
logical responses elicited by both nociceptive and nonnociceptive
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somatosensory stimuli, we recently demonstrated that the integra-
tion of information between somatotopic and body-centred frames
of reference is impaired when the hands are crossed over the mid-
line, for both pain and touch [5], an effect possibly mediated by
frontoparietal multimodal cortical areas [1,13]. Therefore, we
hypothesized a possible effect of crossing the hands on the tempo-
ral perception of nociceptive stimuli. Such effect has never been
investigated using nociceptive somatosensory stimuli, probably
because of the difficulty in delivering, in rapid succession, pairs
of nociceptive stimuli that are both selective (ie, that do not coac-
tivate AB fibres), and sufficiently transient. We recently character-
ised the nociceptive selectivity of low-intensity intraepidermal
stimulation (IES) [20], which overcomes this problem. Here, we
used pairs of IES to test whether a crossed-hands deficit is ob-
served using nociceptive stimuli.

2. Methods
2.1. Participants

Fifteen healthy volunteers (7 women) aged between 22 and
33 years (mean +SD 26.4 + 3.9 years) participated in this study,
after giving written informed consent. Handedness was assessed
in each participant with the Edinburgh Inventory [22]. Eleven par-
ticipants were right-handed and 4 were ambidextrous. Three par-
ticipants were excluded from analyses as a result of the low
goodness-of-fit of their data; thus, 12 participants (4 women and
8 men; mean age 26.5 +4.3; 9 right-handed and 3 ambidextrous)
remained in the sample. We did not recruit professional musicians
because they have been demonstrated to perform differently from
the rest of the population in TOJ tasks [11]. All procedures were ap-
proved by the local ethics committee.

2.2. Design

We used a 2 x 2 repeated-measures design with Modality (2
levels: nociceptive and tactile) and Position (2 levels: uncrossed
and crossed) as experimental factors. Nociceptive and tactile stim-
uli were delivered in separate and alternating blocks. A pair of
stimuli, one delivered to either hand, was presented in each trial.
For each modality, participants had their hands uncrossed in half
of the blocks and crossed over the midline in the other half of
the blocks.

2.3. Stimuli

Nociceptive stimuli consisted of IES (3 pulses, each lasting
500 ps, with an interpulse interval of 5 ms) (Digitimer DS7, Digiti-
mer UK) delivered with a stainless steel concentric bipolar needle
electrode, consisting of a needle cathode (length, 0.1 mm; @,
0.2 mm) surrounded by a cylindrical anode (@, 1.4 mm) [8]. When
low-intensities are used (eg, twice the perceptual threshold) IES
activates selectively A8 nociceptive afferents, without coactivating
AB tactile mechanoreceptors [20]. Tactile stimuli consisted of
vibrations (290 Hz; 10 ms duration) produced by a TE-22 signal
generator (vibrating surface 1.6 cm x 2.4). The IES electrodes and
the vibrotactile stimulators were attached on the dorsum of the
fourth digit of both hands, on the proximal and distal phalange,
respectively. The intensity of both nociceptive and tactile stimuli
was twice the participant’s perceptual threshold. Perceptual
thresholds were estimated by using an adaptive staircase proce-
dure [20]. After the first staircase reversal (ie, when the stimulus
was detected if previously undetected, or when the stimulus was
undetected if previously detected), the step size was reduced.
The procedure was terminated after the occurrence of 4 staircase

reversals at the final step size. Thresholds were estimated by aver-
aging the intensity of the stimuli at which these reversals occurred.
At a stimulus intensity corresponding to twice the perceptual
threshold, IES selectively activates A3 nociceptive fibres. None of
the participants reported painful sensations upon stimulation. This
is in agreement with previous reports that the sensation evoked by
IES delivered at twice the perceptual threshold is purely noxious
with minimal discomfort such as the feeling of a light touch and
sometimes non-painful pricking [7].

2.4. Procedure

Participants sat comfortably, resting their arms on a table
placed in front of them, in a dimly lit, temperature-controlled
room. During the experiment, participants kept their eyes closed
and wore headphones that delivered white noise, to mask any
sound from the stimulators. There were 16 blocks in total. In 8
blocks nociceptive stimuli were delivered, and in the other 8 tactile
stimuli were delivered. For each modality, 4 blocks were per-
formed while the participants had their hands uncrossed and 4
while they crossed their hands over the midline. The order of un-
crossed and crossed blocks was pseudorandomized, with no more
than 2 consecutive blocks using the same position, and counterbal-
anced across participants. In half of the crossed blocks participants
had their left arm over their right arm, and in the other half they
had their right arm over their left arm. The distance between the
fourth digit of the right and left hands (ie, the digits where the
stimulators were attached) was approximately 40 cm in both the
uncrossed and crossed positions. Each block consisted of 48 trials.
Pairs of stimuli were delivered at 16 stimulus onset asynchronies
(SOAs; —-600, -400, -250, -100, -70, -50, -30, -15,
+600,+400,+250,+100,+70,+50,+30,+15 ms; negative figures indi-
cate that the first stimulus was delivered to the left hand). In half
of the trials the first stimulus was delivered to the left hand, and
in the other half the first stimulus was delivered to the right hand.
Participants reported which hand received either the first stimulus
(‘respond-to-first’, in half of the blocks) or the second stimulus (‘re-
spond-to-second’), by pressing a button positioned under the index
finger of each hand. Importantly, it has been demonstrated that the
crossed-hands deficit in the TOJ of tactile stimuli is not due to a re-
sponse conflict between the anatomical code of the responding
hand (eg, left) and the side of space where that hand is placed
(eg, right) [24,26]. Participants were instructed before each block
on whether they had to respond to the first or the second delivered
stimulus. Half of the participants used the ‘respond-to-first’ mode
in the first 8 blocks and the ‘respond-to-second’ mode in the
remaining 8 blocks, and the other half of the participants did the
reverse. Participants were instructed to respond as accurately
and as rapidly as possible. If a response was not given within
3000 ms from the onset of the second stimulus, the trial was con-
sidered invalid and that interval was automatically repeated at the
end of the block until a valid response was given. Four practice
blocks, one for each combination of modality and position, of 16
pairs of stimuli each were administered before the beginning of
the experiment.

2.5. Just noticeable difference and point of subjective simultaneity
analysis

The order judgement probabilities in all conditions (nociceptive
uncrossed, nociceptive crossed, tactile uncrossed, and tactile
crossed) were fitted with a cumulative density function of a Gauss-
ian distribution (Gaussian cumulative function, GCF; Appendix A).
Individual subject data with a goodness-of-fit coefficient (R?) lower
than 0.6 in at least 1 of the 4 experimental conditions, were not
included in group analyses. This led to the exclusion of 3
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participants. The curves fitted with the GCF were used to deter-
mine the just noticeable difference (JND) and the point of subjec-
tive simultaneity (PSS) values, in each subject, for each of the 4
conditions. In TOJ tasks, the JND is defined as the SOA at which
the response of the subject is correct in 75% of the trials, and the
PSS is defined as the SOA at which the response of the subject is
correct in 50% of the trials (ie, the SOA at which the 2 stimuli are
perceived as simultaneous). JND and PSS values were obtained
for both pooled and individual data. Statistical analyses were per-
formed on the individual data by a 2-way, repeated-measures
analysis of variance (ANOVA) with Modality (nociceptive and tac-
tile) and Position (uncrossed and crossed) as experimental factors.

2.6. The Gaussian flip model

Because previous TOJ studies that used tactile stimuli have
demonstrated that the Gaussian flip function (GFlipF) may be a
better fit for the data in the crossed condition [28], the order judge-
ment probabilities in the nociceptive crossed and tactile crossed
conditions were also fitted with a GFlipF equation. To test whether
the GFlipF represented a better fit for crossed data in both nocicep-
tion and touch, the goodness-of-fit coefficients (R?) of the GCF and
GFlipF fitting equations were compared for the crossed blocks in
the 2 modalities by a 2-way, repeated-measures ANOVA with Fit-
ting (2 levels, GCF and GFlipF) and Modality (2 levels, nociceptive
and tactile) as experimental factors.

The Gaussian flip model assumes that the order judgement
probability in the crossed condition is reversed, compared to that
in the uncrossed condition, by a flip probability that decays with
time (ie, SOA) in a Gaussian manner. The standard deviation (oy)
of this Gaussian curve corresponds to the width of the time win-
dow where there is a higher probability of judgement reversal.
To test whether the width of this time window was similar in noci-
ception and touch, the oyvalues were compared between the noci-
ceptive crossed and tactile crossed blocks by a paired t test.

Finally, to test whether there was any side bias in the probabil-
ity of order judgement reversals, the height of the Gaussian curve
(which reflects the probability of inversion from left-first to right-
first; A, Fig. 3), and the depth of this curve (which reflects the prob-
ability of inversion from right-first to left-first; A,, Fig. 3), were
compared by a 2-way, repeated-measures ANOVA with Side (2 lev-
els, left to right and right to left) and Modality (2 levels, nociceptive
and tactile) as experimental factors.

3. Results
3.1. JND and PSS

JND and PSS values for pooled and individual data are reported
in Table 1. Because data from the ‘respond-to-first’ and ‘respond-
to-second’ response modes were not different,> they were
combined and analysed together. The JND was larger when the par-
ticipants’ hands were crossed than it was when they were uncrossed,
irrespective of the stimulus modality (Figs. 1 and 2). That is, there
was a main effect of Position (F(1,11) = 34.63, P <.001), no main ef-
fect of Modality (F(1,11)=0.08, P=.78), and no Position x Modality
interaction (F(1,11) = 2.54, P=.14). Post-hoc comparisons, separate

2 To test whether the participants’ performance in the experimental conditions was
affected by the response mode (ie, respond-to-first vs respond-to-second), 2 ANOVAs,
one on the JND and one on the PSS values, were also performed including Response
mode, Modality, and Position as experimental factors. The main effect of Response
mode and all the interactions involving this factor were not significant in either the
JND or PSS ANOVASs (all F values <3.35, all P values >.10). This finding indicates that
the effects observed on the JND and PSS values did not differ between the 2 response
modes.

Table 1
JND values and PSS.
Variable JND, ms PSS, ms
Pooled Individual  Pooled Individual
data data data data
Nociceptive uncrossed 80 84 £ 46 -10 —-16 £55
Nociceptive crossed 210 217 £101 -51 —-43+75
Nociceptive uncrossed vs P<.001 NS
crossed®
Tactile uncrossed 49 46 +21 -9 —-17+44
Tactile crossed 235 241 +34 -65 -58 £99
Tactile uncrossed vs crossed® ... P=.001 . NS

Data were obtained using the GCF. Individual data are expressed as mean + stan-
dard deviation. JND, just noticeable difference; PSS, point of subjective simultane-
ity; GCF, Gaussian cumulative function.

2 Post hoc comparisons.

=2 10
= ==
3
S 0.751
a
[0}
17}
5 (05 p
(] /”/" )
- ,,’/ ® Nociceptive uncrossed
= 0.251 ——— ® Nociceptive crossed
EI ® Tactile uncrossed
o ——— = Tactile crossed
o 0 :
-600 -400 -200 0 200 400 600

SOA (ms)

Fig. 1. Order judgement probabilities from pooled data, fitted with the Gaussian
cumulative function (GCF). Data from the uncrossed (solid lines) and crossed
(dashed lines) conditions, for nociception (red) and touch (blue). The x-axis
indicates stimulus onset asynchronies (SOAs); the y-axis indicates the proportion of
right-first responses. Negative SOAs indicate that the stimulus was delivered to the
left hand first. The steepness of the curve reflects the performance, with steeper
curves indicating better performance. Note that the ability to report correctly the
order in which the 2 stimuli were delivered is reduced when participants crossed
their hands over the body midline.

for each modality, confirmed the difference between uncrossed
and crossed conditions, for both nociceptive stimuli (paired t test:
t(11)=4.73, P=.001) and tactile stimuli (paired t test: £(11)=5.53,
P<.001). Similar results were obtained when the same ANOVA
was performed without including the ambidextrous participants
(ie, only the main effect of Position was significant: F(1,8)=35.72,
P<.001).

In contrast, the PSS was not affected by whether the partici-
pants’ hands were uncrossed or crossed, either for nociceptive
stimuli or for non-noxious tactile stimuli (Table 1). There was no
main effect of Position (F(1,11)=1.58, P=.23), no main effect of
Modality (F(1,11) = 0.74, P = .40), and no Position x Modality inter-
action (F(1,11) = 0.20, P=.66). Similar results were obtained when
the same ANOVA was performed without including the ambidex-
trous participants (all F values <1, all P values >.05).

3.2. Psychophysical curve fitting in crossed-hand position: GCF vs
GFlipF

The goodness-of-fit coefficients of the GCF and GFlipF, for both
pooled and individual data, are listed in Table 2. As expected, the
GFlipF provided a significantly better fitting of individual
crossed-hand data for both nociception and touch (main effect of
Fitting: F(1,11)=29.81, P<.001; no main effect of Modality:
F(1,11)=0.43, P=.52; and no Fitting x Modality interaction:
F(1,11)=1.23, P=.29).
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Fig. 2. Group-average (top) and single-subject (bottom) just noticeable difference
(JND) values (ms) in the 4 conditions. Note that the JND is larger when the hands
were crossed over the body midline (main effect of Position, P <.001), regardless of
the stimulus modality (no significant Position x Modality interaction, P =.14).

3.3. Flipping

In the crossed-hand conditions, 9 out of 12 participants demon-
strated a significant tendency to misreport (ie, invert) the order of
nociceptive and tactile stimuli in at least one direction [28]
(Table 3). Across the whole sample, the width of the time window
during which there was a higher probability of judgement reversal
(ie, the parameter of), was not significantly different for nocicep-
tion (1691160 ms) and touch (182 +148 ms) (paired t test:
t(11)=0.27, P=.78). Furthermore, although the probability of
inverting from left-first to right-first (A;; nociception: 0.52 + 0.26,
touch: 0.62 + 0.34) was on average greater than that of inverting
from right-first to left-first (A,; nociception: 0.46 + 0.41, touch:
0.39 £ 0.29) for both nociception and touch, this difference was
not statistically significant (no main effect of Side: F(1,11) = 1.51,
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Table 2
Goodness-of-fit coefficients (R?).
Variable GCF GFlipF
Pooled Individual Pooled Individual
data data data data
Nociceptive 0.99 0.94 (+0.05)
uncrossed
Nociceptive 0.97 0.84 (+0.10) 0.98 0.88 (+0.06)
crossed
Tactile uncrossed 0.99 0.96 (+0.03)
Tactile crossed 0.96 0.80 (+0.12) 0.98 0.87 (+£0.08)

Individual data are expressed as mean + standard deviation. GCF, Gaussian cumu-
lative function; GFlipF, Gaussian flip function.

P=.24; no main effect of Modality, F(1,11)=1.51, P=.24; no
Side x Modality interaction, F(1,11) = 0.80, P =.39). Similar results
were obtained when the same ANOVA was performed without
including the ambidextrous participants (all F values <1, all P
values > .05).

4. Discussion

We tested the effect of crossing the hands on the temporal per-
ception of both nociceptive and tactile stimuli. We obtained 2 main
findings. First, there was a crossed-hands deficit for nociceptive
stimuli. That is, crossing the hands over the midline significantly
decreased the participants’ ability to determine the order in which
pairs of nociceptive stimuli were delivered to the hands. Second,
such crossed-hands deficit had a similar temporal profile to that
observed when delivering tactile stimuli. Taken together, these
findings suggest that similar physiological mechanisms for inte-
grating somatotopic and body-centred frames of reference underlie
the ability to determine the location of both nociceptive and tactile
stimuli.

4.1. Nociceptive-specific stimuli for TOJ

Many studies have used TO]J tasks while the hands are crossed
over the midline to investigate the respective contribution of dif-
ferent frames of reference in localising tactile stimuli in space
[11,24,26-28]. The question as to whether or not the nociceptive
system engages similar mechanisms to localise stimuli has not
been addressed, because of the difficulty in delivering, in rapid suc-
cession, pairs of nociceptive stimuli which are both selective (ie,
that do not coactivate Ap fibres) and sufficiently transient. We
achieved this by using low-intensity IES, which has been demon-
strated to selectively activate skin nociceptors. When applied with
a stimulus intensity not above twice the perceptual threshold, the
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Fig. 3. Group-level difference (red lines) between the order judgement probabilities obtained in the crossed and the uncrossed conditions for nociception (left) and touch
(right). This difference is calculated by subtracting the GCF (estimated from the data of uncrossed conditions) from the GFlipF (estimated from the data of crossed conditions).
The upwards and downwards Gaussian curves (blue) correspond to the functions f; and f; in the GFlipF (Appendix A).
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Table 3
Probability of inversion from left-first to right-first (A;) and from right-first to left-first
(Ap).

Subject No. Al Ay
Nociceptive Tactile Nociceptive Tactile
crossed crossed crossed crossed

1 0.17 0.81 0.38 0.94

2 0.53 0.95 0.11 0

3 0.46 0 0 0.55

4 0.27 0.70 0.32 0.44

5 0.58 0.35 0.23 0.75

6 0.70 0.60 0.1 0

7 0 0.37 1 0.34

8 0.66 0.41 0.25 0.36

9 0.68 1 1 0.63

10 0.66 0.32 1 0.28

11 0.94 1 0.01 0.11

12 0.54 1 1 0.31

Mean + standard 0.52+0.26 0.62+0.34 0.46+041 0.39+0.29

deviation

electric current generated by the IES is spatially restricted to the
epidermal layers and thus does not activate Ap fibres. Crucially,
as IES bypasses receptor transduction and directly activates A3 fi-
bres [20], the afferent volley produced by IES is highly synchronous
and reproducible; it is thus optimal for exploring TOJ of pairs of
stimuli delivered in rapid succession at different locations.

4.2. Crossed-hands deficit for nociceptive stimuli

The crossed-hands deficit has been repeatedly described when
TOJs are performed by using tactile but not visual stimuli [28].
We have now demonstrated that nociceptive stimuli are also coded
both in somatotopic and body-centred frames of reference. As, for
example, the right hand commonly occupies the right side of space,
stimuli delivered on the right hand automatically activate both the
cortical area representing the right hand and the multimodal areas
representing the right side of space [5,28]. When the hands are
crossed over the midline, the participants’ ability to discriminate
the order in which the hands are stimulated at short intervals is
impaired, possibly because the second stimulus is processed while
the spatial location of the first stimulus is still being determined
according to the uncommon position of the hands [28].

Converging evidence from human and non-human studies indi-
cates that frontoparietal cortical areas, such as the premotor cortex
and the ventral intraparietal area and its human homologous, are
responsible for mapping tactile inputs into body-centred coordi-
nates. Furthermore, these associative areas are responsible for
integrating multimodal inputs within a body-centred frame of ref-
erence [13-15]. We recently demonstrated that crossing the hands
over the midline reduces the amplitude of the N2-P2 biphasic wave
elicited by either nociceptive (A8) or non-nociceptive (AB) input
[5]. These waves largely reflect the activity of multimodal brain
areas [19]. In contrast, crossing the hands does not affect the
amplitude of the earlier N1 wave, which reflects the activity of
somatosensory-specific brain areas [5,19]. This evidence, together
with the current result of a crossed-hands deficit for nociceptive
stimuli, suggests that multimodal areas responsible for encoding
the location of somatosensory stimuli in space are common for
touch and pain.

Recent evidence from clinical studies also supports that a body-
centred frame of reference is used to localise nociceptive stimuli in
space. For example, Liu et al. [12] reported that, similarly to what is
observed in other modalities (ie, vision and touch), patients with
ischemic lesions in the right hemisphere may not report the occur-
rence of nociceptive stimuli applied on the contralesional hand

when presented either in isolation (nociceptive neglect) or simul-
taneously with an ipsilesional stimulus (nociceptive extinction).
Moreover, these patients may misreport the location of stimuli ap-
plied to the contralesional hand as if they were applied to the
ipsilesional hand (nociceptive allesthesia). These results suggest
that an intact representation of external space with reference to
the subject’s body midline is important for awareness of nocicep-
tive stimuli and their correct localisation [10].

The importance of understanding how the nociceptive system
engages somatotopic and spatial frames of reference is evidenced
by recent findings in people with complex regional pain syndrome
(CRPS). In a TQOJ task using tactile stimuli, patients with CRPS prior-
itized stimuli applied to the unaffected limb over those applied to
the affected limb when their hands were uncrossed, but this effect
was reversed when their hands were crossed over the midline [16].
That is, patients prioritized stimuli delivered to whichever hand
was on the unaffected side of the body midline, thus suggesting
the involvement of a space-based rather than an anatomically-
based representation in determining a number of symptoms in
these patients [17]. This idea is further supported by the recent dis-
covery of a space-based disruption of tactile processing in patients
with low back pain [18].

What could be the functional significance of the observation
that also nociceptive stimuli are mapped into a body-centred
frame of reference? Although defensive withdrawal responses are
mediated by subcortical circuits, somatotopic representations
alone would be insufficient to localise potentially dangerous stim-
uli, because the body can assume different postures. For these rea-
sons, the pattern of a motor withdrawal response is finely adjusted
in a purposeful manner, according to a body-centred frame of ref-
erence [23]. Furthermore, the mapping of nociceptive stimuli into
external coordinates is also critical to integrate them with visual
and auditory inputs in order to respond with purposeful and non-
stereotyped behaviours to potentially aversive multimodal stimuli
in the environment.

4.3. Temporal profile of the crossed-hands deficit in nociception and
touch

We found that the crossed-hands deficit observed when deliv-
ering nociceptive stimuli had a similar temporal profile to that ob-
served when delivering tactile stimuli (no significant
Modality x Position interaction; Figs. 1 and 2). Crucially, we ob-
served that a high proportion of subjects (75% for nociception
and 75% for touch) demonstrated a significant tendency to misre-
port (i.e., invert) the order of the 2 stimuli. This is a crucial finding,
because it strongly suggests that, when the hands are crossed, the
stimulus (delivered, for example, on the right hand) is first mapped
on the right hand area of S1 and on the areas encoding the right
side of space (ie, those areas usually coactivated when a stimulus
is delivered on the right hand in common, uncrossed posture). Only
after a few hundred ms, the stimulus is mapped in the correct side
of space (left, in this example). Such inversion is thought to reflect
an automatic mapping of the stimulus to the side of space where
the stimulated hand is usually located—the ipsilateral side of space
[25]. Indeed, if the second stimulus is delivered before the first
stimulus is correctly mapped in the side of space where the stim-
ulated hand is placed, then the order of stimuli is misreported [28].
This proposal has been confirmed by an elegant paradigm that
characterised the time course of such correction, which starts not
earlier than 60 ms and is completed between 180 to 360 ms after
stimulus presentation [2].

The current findings provide evidence that both the sequence
and the time course of the cortical events that determine the per-
ception of nociceptive stimuli are similar to those involved in per-
ceiving tactile stimuli, even when the hands are crossed over the
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midline. This result is in line with the observation that the areas
encoding stimuli in body-centred coordinates are eminently
multimodal [6,13], and only the multimodal components of the
event-related potentials elicited by both AR and AS inputs [19]
are significantly modulated when hands are crossed over the
midline [5].

4.4. Side bias in TOJ

The SOA at which the 2 stimuli were perceived as simultaneous
(ie, PSS) was close to zero for both modalities and both postures,
which indicates that the participants were not prioritizing stimuli
delivered at one side or the other. In contrast to what observed
when measuring the JND, crossing the hands over the midline did
not affect the PSS, as also reported in previous studies using tactile
stimuli [21,24]. Such dissociation in the effect of crossing the hands
on PSS and JND is compatible with the notion that TOJ of somato-
sensory stimuli involves 2 separate mechanisms, one responsible
for determining whether 2 stimuli are simultaneous or sequential,
and the other responsible for resolving their order [9].

4.5. Conclusion

Our results uphold the hypothesis that the crossed-hands defi-
cit is present when judging the temporal order of not only tactile
stimuli, but also purely nociceptive stimuli. Our results also dem-
onstrate that the temporal profile of such deficit is similar to that
observed for tactile stimuli. These results offer compelling evi-
dence that similar physiological mechanisms for integrating soma-
totopic and body-centred frames of reference underlie the ability
to determine the location of nociceptive and tactile stimuli in
space.
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Appendix A

The order judgement probabilities in the uncrossed conditions
(pu) were fitted by a Gaussian cumulative function (GCF):

—(r—dy)?
202

e 2 dt + Pmin

ot 1
pu(t) = (pmax - pmin) / \/2_—7'57"‘
J-x u

where t indicates the stimulus onset asynchrony (SOA); pmax and
Pmin indicate the upper and lower asymptotes of the judgement
probability, respectively; o, represents the time constant; and d,
represents the size of the horizontal transition. This equation was
also used to fit the order judgement probabilities in the crossed
condition to determine the just noticeable difference (JND) and
the point of subjective simultaneity (PSS) values.

The order judgement probabilities in the crossed conditions (p.)
were also fitted using a Gaussian flip function (GFlipF):

pe(t) = fH(O{1 = pu (O} + {1 = fr(6)}pu()

where f; indicates the flip probability of judgement from left-first to
right-first and f, indicates the flip probability of judgement from
right-first to left-first. The f; and f; values were calculated by the fol-
lowing equations:

2
fi®) :A,e% Y

2
fit) = Are% +c

where A; and A; (ie, the peak amplitudes of the Gaussian functions;
Fig. 2) reflect the probability of inversion from left-first to right-first
and from right-first to left-first, respectively; d represents the size
of the horizontal transition; oy represents the width of the time
window of the flip; and c is a constant.
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