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Abstract

The present study examined the influence of innocuous skin cooling on the perception and neurophysiological correlates of brief

noxious CO2 laser stimuli. In nine normal subjects, brief CO2 laser pulses of four different intensities (duration 50 ms; diameter 5

mm; intensity range 5.8–10.6 mJ/mm2) were delivered at random every 5–10 s on the dorsum of the hand. Innocuous skin cooling

was performed by a thermode (20 �C; 3 · 3 cm) with a central hole for the laser test stimuli. Quality and intensity (VAS) of percep-

tions, reaction times and laser evoked potentials (LEPs) were examined. Signal detection theory analysis was performed to evaluate

discrimination performance and decision criterion. During innocuous skin cooling, detection threshold increased from 4.8 ± 1.81 to

8.2 ± 1.05 mJ/mm2 and pain threshold from 8.7 ± 1.53 to 13.5 ± 1.57 mJ/mm2. proportion of detected stimuli decreased from 87% to

48% and pain reports from 42% to 10%. The well localized �pricking� sensation mediated by Ad-nociceptors almost vanished. The

intensity of sensations (VAS scores) was considerably reduced. Sensory discriminative performance was significantly depressed but

decision criterion remained unchanged. Reaction times were delayed. The late-LEPs, correlates of Ad-nociceptor activations, were
also significantly depressed while the ultra-late LEPs, correlates of C-nociceptors, were not affected.

Taken together, these results strongly suggest that innocuous skin cooling interfered with the sensory processing of laser heat

stimuli and more prominently with those related to Ad-nociceptive input.

� 2004 European Federation of Chapters of the International Association for the Study of Pain. Published by Elsevier Ltd. All
rights reserved.
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1. Introduction

Innocuous cold is known to reduce pain perception,
possibly by inhibiting pain processing centrally (Craig,

1998). Evidence that activity in cold sensitive units alter

pain at central (probably segmental) levels was already

provided by Bini et al. (1984) using intraneural electri-
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cal stimulation in humans. Indeed, these investigators

reported that the reduction in pain by innocuous skin

cooling (from 30 to 20 �C) could not be explained in
terms of lowered excitability of the nociceptive endings

since the painful input derived directly from stimula-

tion of fibers in the nerve trunk.

Nevertheless, the mechanism of innocuous cold-

related analgesia has been rarely investigated in humans.

In addition, the few documented data from human psy-

chophysical studies on thermal pain have thus far been

inconclusive. Using skin cooling, some studies show
cool-related analgesia (Hardy et al., 1951; Strigo et al.,
Association for the Study of Pain. Published by Elsevier Ltd. All rights
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2000) whereas others did not find such an effect (Croze

et al., 1977; Kojo and Pertovaara, 1987; Pertovaara

et al., 1996). One major reason for the inconsistencies

among studies is possibly the use of conventional meth-

ods for heat stimulation.

However, the introduction of the CO2 laser stimula-
tor for pain research (Mor and Carmon, 1975) has pro-

vided a useful tool for non-injurious noxious heat

stimulation. Indeed, it has been demonstrated that brief

laser pulses activate selectively and almost synchro-

nously the nociceptive free endings of Ad- and C-

nociceptors (Devor et al., 1982; Bromm and Treede,

1984). Moreover, the high power of these radiant heat

sources allows very brief heat stimuli (tens of ms) to
be produced and time locked responses such as reaction

time and laser evoked brain potentials (LEPs) to be reli-

ably recorded (Carmon et al., 1978; Treede et al., 1988).

However, the effects of innocuous cold on the perception

of brief CO2 laser stimuli have been rarely investigated.

Pertovaara et al. (1988) explored the effects of decreased

skin temperature on the perception of brief CO2 laser

stimuli. They found that detection and pain threshold
were equally increased by lowering the adapting skin

temperature of the forearm by 4 �C as compared to

the control condition. However, their method possibly

confounded the effect of lowering the skin base temper-

ature with that of co-activating low threshold cold

receptors.

The aim of the present study was to further investi-

gate the effect of innocuous cold on psychophysical
measures and physiological correlates of a set of brief

CO2 laser stimuli extending from the non-painful to

the painful domain of sensation. To avoid the con-

founding effect of lowering the skin base temperature

at the target of the heat stimulus, cooling of the skin

occurred around but not at the laser stimulation site

to specifically assess whether or not afferent somatosen-

sory systems encoding for cold, warmth and nocicep-
tive heat stimuli interacted.
2. Methods

2.1. Subjects

Nine healthy male volunteers (median age 30 years,

range 24–40) participated in the experiments. At first,

explanations about the experimental procedures were gi-

ven to the subjects. They were then familiarized with the

laser stimuli and the rating procedures. Subjects were
free to withdraw from the experiments at any moment.

All experimental work was done in accordance with

the rules of the Ethics committee of the Université cath-

olique de Louvain, Faculty of Medicine and the Helsinki

Declaration.
2.2. Experimental design

Experiments were carried out as follows. Subjects

participated in two experimental sessions separated by

at least three days. Each session consisted of one exper-

imental condition, either a control condition or a skin
cooling condition. The two conditions were presented

in random order. For each condition, four laser stimulus

intensities (5.8, 7.3, 9.3 and 10.6 mJ/mm2) were repeated

24 times in random order with an inter-stimulus interval

of 10–12 s. The total number of stimuli given in each

condition was thus 4 * 24 * 9 = 864. However, the num-

ber of stimuli per stimulus intensity varied from 21 to

25. Indeed, as the investigator triggered the stimulus
manually it happened, in a very few trials, that he trig-

gered twice the same stimulus. In skin cooling trials, it

happened that the thermode was not applied perfectly

against the skin. The experimenter discarded these trials

�a priori� during the session. The number of trials dis-

carded was practically uniformly distributed between

subjects and within subjects between the different stimu-

lus intensities. Test stimuli were directed to the dorsum
of the left hand (for more details see Section 2.4). Each

session lasted about 18–20 min. All experiments were

performed in a temperature-controlled room at 21 �C.
Subjects were naive concerning the aims of the

experiments.

2.3. Test stimulus

Radiant heat stimuli were delivered by an infrared

CO2 laser stimulator (Synrad Inc., Germany) operating

in the fundamental transverse mode (wave length:

10.6 lm; maximum power output 25 W). The laser stim-

ulus duration was 50 ms. The laser beam with a radius

of 5 mm at the upper level of the thermode (see Fig. 1)

was centered on the circular hole (radius = 2.5 mm) so

that 25% of the Gaussian beam section went through
that hole. Before and after each session, the 4 stimulus

intensities were calibrated by positioning a radiometer

(30-W Broadband Power Meter, Melles-Griot,USA) be-

low the thermode. Energy density was computed by

reading the energy from the radiometer and dividing it

by the surface area of skin (±20 mm2) exposed to the la-

ser beam wending through the circular hole in the ther-

mode. Energy density of stimuli varied within the
specifications of the laser, i.e., ±2%. Laser power output

and stimulus duration were controlled by a programma-

ble pulse generator (AMPI, Israel), which was triggered

manually by the experimenter. A He–Ne laser beam was

adjusted to be coaxial with the infrared beam to visual-

ize the stimulation site.

In control and skin conditions, a silver-plated probe

of 3 · 3 cm (centered on a plastic board of 4 · 4 cm;
Somedic, Sweden) fixed in a horizontal position was

interposed between the head of the laser stimulator



Fig. 1. A thermal probe (total surface area 16 cm2, cooled silver plate

surface area 9 cm2) fixed in a horizontal position was interposed

between the head of the laser stimulator and the dorsum of the left

hand of the subject. The probe had a central tube (inner section 20

mm2) aligned with the laser beam axis. In control condition, a

maximum distance of 1 cm was kept between the skin of the hand and

the lower side of the probe to minimize the effect of optical diffraction.

During skin cooling condition, the probe was cooled to 20 �C by

means of circulating cold water and applied against the dorsum of the

left hand.
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and the dorsum of the left hand of the subject (Figs. 1

and 2). The laser beam went right through a circular

hole (inner section 20 mm2) located in the center of

the probe and was aligned with the laser beam axis.

However, in control condition, a maximum distance of

1 cm was kept between the skin and the lower side of

the probe in order to minimize the effect of optical

diffraction.
Subjects sat comfortably on a chair, the left hand

resting on a board situated below the probe. After each

stimulation, care was taken to move the hand to prevent

sensitization or habituation of skin receptors (see Sec-

tion 2.4 for more details). To keep attention focused

on the test stimulus, the investigator warned the subject

by saying ‘‘attention’’ before each laser stimulation.

The subjects and the investigator wore protective
goggles. To avoid any acoustic or visual cue when trig-

gering the laser, the equipment was placed outside the

visual field of the subjects who also wore headphones

as mufflers. However, they could perceive a loud sound

within the spectral band of the human voice.

2.4. Skin cooling

Skin cooling was performed using the probe, which

was cooled by circulating cold water. A thermistor
monitored the temperature of the probe, which was

kept constant at 20 �C. The dorsum of the left hand

was applied passively against the probe (Fig. 1), with-

out any additional mechanical pressure, before (2–3 s),

during, and after (2–3 s) laser stimulation so that each

exposure to the probe lasted approximately 4–6 s.
Computer simulations of heat transfer between skin

and thermode showed that temperature of skin

reached 20.5–21.1 �C at depths of 50–100 lm within

2 s after contact with the thermode (Incropera and

DeWitt, 1996). All subjects described the sensation

produced by the thermode as moderately cold. Of

importance was to determine the temperature profile

of the skin located beneath the stimulation hole (ra-
dius r = 2.5 mm). Given the low thermal diffusivity

of skin (a = 0.16 mm2/s) and the short time span of

contact with the thermode (63 s), the dimensionless

Fourier number was very small (i.e., Fo = (a Æ t)/
r2 = (0.16 · 3)/2.52 = 0.075). This number is a measure

of the rate of heat conduction compared to the rate of

heat storage in a given volume element. Hence, the

smaller the Fourier number, the less heat penetrates
into a solid over a given time. Therefore, these calcu-

lations indicate that the temperature of the skin to be

exposed to the laser stimulus did not change signifi-

cantly. This was also confirmed experimentally (see

Fig. 2(a)).

From preliminary experiments, it was decided to

partition the hand dorsum in 6 non-overlapping zones

of 3 · 3 cm (dimensions of the silver plate on the ther-
mode) and to expose them in a sequential manner to

the thermode. The total time span between two consec-

utive exposures of a given location was [(6 * 10 to

12 s) + (5 * 4 to 6 s)] i.e., approximately 80–100 s. It

was verified by IR thermometry (Somedic, Sweden),

that this time span was sufficient to allow the skin to

return to its initial temperature. As this phenomenon

is critical to the interpretation of the data, another ser-
ies of control experiments were performed. The dynam-

ics of skin warming was monitored by a fast IR camera

(CEDIP Infrared Systems, France) just after removal

of the thermode maintained at different temperatures

(16, 20 and 24 �C) during ±5 s against the skin at 30

�C base temperature (see Fig. 2(b)). The following

function T ðtÞ ¼ T bðtÞ � dT ð0Þ� expðB:
ffiffi

t
p

Þ was fitted to

the thermographic data (r2 = 0.997); where T is skin
temperature exposed to the thermode, Tb is base tem-

perature, dT(0) represents the decrease in skin temper-

ature just after removal of the thermode i.e.,

(Tb(0) � T(0)) and B is the only fitting parameter.

Using the parameters of the skin cooling condition

(i.e., exposure of 4–6 s at 20 �C), the skin temperature

raised asymptotically towards the initial temperature

within less than 100 s. These experimental data con-
firmed the measurements made with the IR

thermometer.



Fig. 2. (a) IR telethermometry (CEDIP Infrared Systems, France) of skin exposed to the thermode. The dark bleu zone was skin in contact with the

silver plate of the thermode (3 · 3 cm at 20 �C during 4.9 s), the green band is the skin exposed to the plastic board surrounding the silver plate and

the red zone to the right was skin not exposed to the thermode (note the course of a subcutaneous vein at about 32 �C). Two orthogonal temperature

profiles cross at the center of the thermode within the hole. There was no laser stimulus delivered during the exposure time to the thermode. Note that

the lateral spread of heat makes the spot in the centre of the cold region appear much larger than the skin surface area actually exposed to the laser

stimulus. The gray zones in the temperature profiles, the two vertical and two horizontal lines and the black circle inside the spot to delimit precisely

the skin region exposed to the laser beam. Within this region the average skin temperature was 28.7 �C (on both axes) at 4.9 s after exposure to the

thermode and thus slightly below the average temperature of skin not exposed to the thermode 29.6 ± 0.4 �C. This slight reduction of 0.9 �C on

average is certainly overestimated as the laser stimulus is delivered within 2–3 s of exposure and not 4.9 s as in the thermographe. These

measurements show that the temperature of the skin to be exposed to the laser stimulus (i.e., after 63 s) did not change significantly. (b) The

dynamics of skin warming just after removal of the thermode maintained at 20 �C during ±5 s against the skin was also monitored by a fast IR

camera (CEDIP Infrared Systems, France). The red colored curve represents the average base skin skin temperature recorded in the circle labeled 2 of

Fig. 1(a). The blue colored curve represents the average skin temperature recorded in the circle labeled 1 of Fig. 1(a). It is shown that the temperature

of skin exposed to the thermode raised asymptotically towards the initial value within about 100 s, i.e., the time span between two consecutive

exposures of a given location on the hand dorsum (see Section 2.4 for more details).
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2.5. Laser evoked potentials

The exploring electrode was placed at Cz (Interna-

tional 10–20 system) since it is well known that LEPs

are largest around the vertex for all sites of the body

surface stimulated (Treede et al., 1988). Linked ear-

lobes (A1 + A2) were used as reference. Ground was

placed at the right wrist. The contact of electrodes
with the skin was improved by conducting electrode

jelly. Impedance of all electrodes was kept below

5 kX. Vertical and horizontal electro-oculograms

(EOG) of the right eye were recorded with disposable

Ag/AgCl surface electrodes. Electrodes were connected

to an amplifier (band-pass 0.1–70 Hz; gain 1000; Wal-

ter Graphtek PLEEG, Germany). Data acquisition

was performed with a sampling rate of 167 counts/s.
EEG was monitored on-line and signals were stored

for off-line analysis. Off-line analysis was performed

using the Neuroscan V3.0 software (Neuroscan, Illi-

nois, USA). Sweeps (3 s epochs with 500 ms prestimu-

lus) were averaged for each intensity of laser

stimulation after rejecting, by off-line visual inspection,

those that were contaminated by eye movements. Sub-

jects were instructed to keep their eyes open and fixed
on a spot in front of them for about 4 s after receiv-
ing the warning signal ‘‘attention’’ emitted by the

experimenter before each test stimulation.

2.6. Psychophysics and behavioral measures

2.6.1. Reaction time

A digital chronometer, triggered by the positive edge

of the laser stimulus, was used to measure reaction time
with a resolution of 1 ms. Subjects held a button with

the right hand and were instructed to push on the button

as fast as possible to stop the chronometer when they

perceived something. Reaction time was considered as

the time elapsed between the onset of the laser stimulus

and the onset of subject�s reaction.

2.6.2. Quality and intensity of perceived sensation

After each laser stimulation, subjects were asked to de-

scribe verbally the quality of sensation from a list contain-

ing the following descriptors in French: �non perçu� (not
perceived), �effleurement� (light touch), �toucher� (touch),
�picotement� (tingling), �piqûre� (pricking), �chaud�
(warm/hot), and �brûlant� (burning). Theywere also asked
to report verbally on a visual analogue scale (VAS) the

intensity of their perceived sensation. VAS was a 101
points scale with zero indicating ‘‘no detection’’ and 100



Fig. 3. Effect of innocuous skin cooling on detection performance,

pain detection and magnitude of perception. (a) Probability of

detection. In control condition, 87% of all stimuli were detected

against only 48% during skin cooling. Note that the reduction in

detection performance during skin cooling was independent of

stimulus strength. (b) Probability of pain detection. The probability

of pain detection increased with stimulus strength in both conditions.

In control, the probability of pain detection was 42% of all detected

stimuli. During skin cooling, the probability of pain detection

decreased to 10% of all detected stimuli. (c) Magnitude of perception

(VAS score). The VAS was marked at the middle (VAS = 50) with an

anchor indicating the borderline between the non-painful and painful

domain of sensations. The intensity of perception increased monoton-

ically with stimulus strength in both conditions, although the slope of

the curve was significantly reduced during skin cooling.
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meaning ‘‘maximumof pain’’. An anchor at themiddle of

the scale (VAS = 50) marked the borderline between the

non-painful and painful domain of sensations. The abso-

lute detection threshold, defined as the lowest stimulus

intensity detectedwith a probability of 0.5, was computed

by interpolation of the psychometric function after linear-
ization by logit transformation (Ashton, 1972). The pain

threshold, defined as the stimulus intensity producing a

perception of 50 or more on the VAS with a probability

of 0.5 was computed by the same method.

2.6.3. Sensory decision theory analysis

Classical psychophysics of pain perception is based on

the assumption of a pain threshold. The signal detection
theory (SDT) approach handles pain perception as a deci-

sion making process. The strength of this approach re-

sides in the fact that it quantifies discriminatory (or

sensory) and attitudinal (or response bias) components

independently. Parameters of discriminability (P(A))

and bias (B) were computed using the non-parametric

procedures described inMcNicol (1972). The index of dis-

crimination performance P(A) is based on the surface
area under the receiver operating characteristic (ROC)

curve which may range between 0.5 (i.e., no discrimina-

tion at all) and 1.0 (i.e., perfect discrimination). The deci-

sion criterion B is the point on the subject�s rating scale at
which by interpolation the sum of the hit and false alarm

rates equals 1.0 (i.e., the median response category).

2.7. Data analysis

Paired comparisons were performed with paired t-test

or with Wilcoxon�s test when appropriate. Repeated

measures ANOVAs were performed with the average re-

sponse values (arithmetic mean computed for each stim-

ulus intensity and each condition within each subject)

for probability of absolute detection, probability of pain

detection, intensity of perception, reaction times and
areas under the curve of LEPs as dependent variables

and with as within factors the four stimulus strengths

and the two experimental conditions. Yates corrected

chi-square test was employed to compare the incidence

of qualities of sensation between conditions. Statistical

tests were considered significant if P < 0.05. Statistical

analyses were realized with Super ANOVA software

(Abacus Concepts Inc., Berkeley, USA) and Statistica
V5.5 (StatSoft Inc., Tulsa, USA).
3. Results

3.1. Probability of detection curves detection thresholds

Fig. 3(a) shows the probability of detection curves as
a function of stimulus strength. In control condition, the

absolute detection threshold was on average 4.8 ± 1.81
mJ/mm2. During skin cooling, the absolute detection
threshold increased significantly to 8.2 ± 1.05 mJ/mm2

as compared to control condition (paired t-test = 4.54;

P = 0.003).

In control condition, 87% of all stimuli (n = 877) were

detected against only 48% of all stimuli (n = 778) during

skin cooling. Repeatedmeasures ANOVAwith probabil-

ity of detection as dependent variable and with stimulus



Table 1

Linear contrast analysis in a repeated measures ANOVA of the

intensity of perception (VAS ratings) as dependent variable and

intensity of laser stimuli as within factor for control and skin cooling

conditions

7.3 (mJ/mm2) 9.3 (mJ/mm2) 10.6 (mJ/mm2)

Control (mJ/mm2)

5.8 P = 0.011 P < 0.001 P < 0.001

7.3 – P < 0.001 P < 0.001

9.3 – – P = 0.003

Skin cooling (mJ/mm2)

5.8 P = 0.131 P < 0.001 P < 0.001

7.3 – P < 0.001 P < 0.001

9.3 – – P = 0.101

Table 2

Distribution of descriptors following brief CO2 laser stimuli (stimulus

intensities are pooled)

Descriptors Control n = 877 Skin cooling n = 778

Pricking 403 (47%) 115 (15%)**

Tingling 122 (14%) 80 (10%)

Light touch 99 (11%) 115 (15%)

Touch 54 (6%) 101 (13%)

Warm/hot 64 (7%) 38 (5%)

Burning 19 (2%) 6 (1%)

Not detected 116 (13%) 323 (42%)**

* P < 0.05.
** P < 0.001.
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strength and experimental condition as within factors

yielded the following results. There was a highly signifi-

cant effect of stimulus strength (F = 23.12; P < 0.001)

and of experimental condition (F = 45.46; P < 0.001) on

the probability of detection. However, there was no inter-

action between factors (F = 2.17; P = 0.100), meaning
that the effect of conditioning was independent of stimu-

lus strength. In other words, the detection performance

was significantly depressed for all stimulus levels during

skin cooling.

Fig. 3(b) shows the probability of pain detection as a

function of stimulus strength. In control condition, the

pain threshold was on average 8.7 ± 1.53 mJ/mm2.

Thus, it was considered that the two lowest stimulus
intensities were in the non-painful domain and the two

highest intensities were in the painful domain of sensa-

tions. The probability of pain detection varied on aver-

age from 13% for the lowest intensity to 76% for the

highest intensity.

During skin cooling, the pain threshold increased

significantly to 13.5 ± 1.57 mJ/mm2 as compared to

control condition and the proportion of pain reports
in detected stimuli decreased from 42% to 10%. A re-

peated measures ANOVA with probability of pain

detection as dependent variable and stimulus strength

and experimental condition as within factors yielded

the following results. There was a highly significant ef-

fect of stimulus strength (F = 19.64; P < 0.001) and of

experimental condition (F = 31.97; P < 0.001) on the

probability of pain detection. A significant interaction
between factors was also observed (F = 2.90;

P = 0.042), meaning that the effect of conditioning

was dependent on stimulus strength. This interaction

may be artifactual due to a floor effect given that the

probability of pain detection was close to zero at low

stimulus intensities in control condition. The more, lin-

ear contrast analysis revealed that in comparison with

the control condition, the probability of pain detection
was only decreased for the two highest intensities in

skin cooling condition (P < 0.005).

3.2. Intensity of perception

The stimulus–response (S–R) relationships for both

experimental conditions are displayed in Fig. 3(c). There

is a clear downward shift of the intensity of perception
in the skin cooling condition. A repeated measures AN-

OVA with VAS as dependent variable and with stimulus

strength and experimental condition as within factors

yielded the following results. There was a highly signifi-

cant effect of stimulus strength (F = 98.83; P < 0.001)

and of experimental condition (F = 33.05; P < 0.001).

A significant interaction between factors was also ob-

served (F = 6.82; P = 0.001), meaning that the effect of
stimulus strength varied with experimental condition.

Linear contrast analysis revealed that in control condi-
tion the intensity of perception varied significantly with

each of the four intensity levels (Table 1). However, dur-

ing skin cooling condition, the two lowest stimulus levels

and also the two highest stimulus levels were perceived

as not different (Table 1). Nevertheless, the S–R curve

increased monotonically and the slope of the curve, ad-
justed to a simple linear model by the method of least

squares, appeared less steep in skin cooling condition

(paired t-test = 2.69; P = 0.027). As there was no signif-

icant effect on the intercept (paired t-test = �0.74;

P = 0.483), this result suggest that innocuous skin cool-

ing mainly reduced the gain in the S–R function.

3.3. Quality of perceived sensations

As shown in Table 2, the sensations perceived in con-

trol condition were mainly described as well localized

pricking sensations and to a lesser extent as tingling,

light touch, touch, warm/hot and burning. Note that

13% of stimuli were not detected. During moderate skin

cooling, the proportion of well-localized pricking sensa-

tion was dramatically reduced (v2 = 31.02; P < 0.001) in
comparison with control condition. In contrast, the pro-

portion of stimuli perceived as tingling, light touch,

touch, warm/hot, or burning did not significantly

change. There was also a considerable increase in the



Fig. 4. Frequency distributions of reaction times (RTs) for the two

experimental conditions: upper panels for control and lower panels for

skin cooling. The two left panels represent the frequency distributions

for the RTs in response to the two lowest stimulus intensities (i.e., 5.8

and 7.3 mJ/mm2). Note that the distributions are clearly bimodal. The

two right panels represent the frequency distributions for the RTs in

response to the two highest stimulus intensities (i.e., 9.3 and 10.6 mJ/

mm2). Note that in control condition, the frequency distribution is

clearly monomodal (94% of RTs < 750 ms) with a peak at 300–350 ms.

During skin cooling, the frequency distribution becomes clearly

bimodal as the percentage of short RTs (i.e., <750 ms) drops from

94% to 43% in favor of longer RTs. This phenomenon was also true for

RTs in response to the lowest stimulus intensities (left lower panel)

albeit in a less dramatic way, as short RTs dropped from 53% to 44%.
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proportion of stimuli that were not detected (v2 = 14.04;

P < 0.001). It is worthwhile to note that the reduction in

proportion of unperceived stimuli during moderate skin

cooling (+29%) matched nearly the reduction in sensa-

tions reported as pricking (�31%).

3.4. Discrimination performance and decision criterion

The method of signal detection theory (SDT) analysis

was used to investigate the discrimination performance

and decision criterion for perception of laser stimuli.

The index of discrimination performance is based on

the proportion of the area beneath the receiving operat-

ing curve (ROC) which may range between 0.5 (no dis-
crimination at all) and 1.0 (perfect discrimination).

Discrimination performance of each subject was studied

after pooling the VAS scores corresponding to the two

lowest and those scores corresponding to the two high-

est intensities of stimulation (Nahra and Plaghki,

2003a). As compared to control, discrimination perfor-

mance during skin cooling condition was significantly

reduced (z = �2.31; P = 0.021); P(A) dropped from
0.87 ± 0.069 to 0.78 ± 0.029.

The decision criterion B, computed as the point on

the subject�s rating scale at which by interpolation the

sum of the hit and false alarm rates equals 1.0 (i.e.,

the median response category), remained unchanged in

skin cooling condition (B = 44 ± 2.9) as compared to

control condition (B = 45 ± 3.0; z = �0.29; P = 0.767).

3.5. Reaction times

Relative frequency distributions of RTs are displayed

in Fig. 4; the upper panels present RTs in control condi-

tion and the lower panels RTs in cooling condition. The

two left panels represent the frequency distributions for

the RTs in response to the two lowest stimulus intensi-

ties (i.e., 5.8 and 7.3 mJ/mm2) and the two right panels
for the RTs in response to the two highest stimulus

intensities (i.e., 9.3 and 10.6 mJ/mm2). In control condi-

tion, the two highest stimulus intensities yielded RTs of

short duration (94% < 750 ms) while the two lowest

stimulus intensities yielded a higher proportion of RTs

of longer duration (53% < 750 ms). The frequency distri-

bution of RTs evoked by the two highest stimulus inten-

sities was monomodal, displaying only one peak
between 300 and 350 ms and giving evidence for Ad-
nociceptor activations (Fig. 4 upper right panel). In con-

trast, the frequency distribution of RTs evoked by the

lowest stimulus intensities was clearly bimodal with a

cutoff around 750 ms (Fig. 4 upper left panel). These

two subsets of RTs may be respectively ascribed to the

activation of Ad- and C-fibers (Nahra and Plaghki,

2003a), as Ad-fibers have a nerve conduction velocity
of about one order of magnitude greater then that of

C-fibers.
In the skin cooling condition, the frequency distribu-

tion of RTs evoked by high intensity stimuli was also bi-

modal at the expense of the shortest RTs (Fig. 4 lower

right panel). This may be interpreted as a reduction in

the detection of Ad-nociceptor activations, as RTs of

<750 ms dropped from 94% in control condition to 43%

in cooling condition. It parallels the decline from 54%

to 14% in reports of �pricking� sensations between control
and skin cooling conditions. This phenomenon was also

true for RTs in response to the lowest stimulus intensities

(Fig. 4 lower left panel) albeit in a less dramatic way.

A repeated measures ANOVA with RT as dependent

variable and stimulus strength and experimental condi-

tion as within factors yielded the following results. There

was a highly significant effect of stimulus strength

(F = 46.88; P < 0.001) and of experimental condition
(F = 11.51;P = 0.009).However, there was no interaction

between factors (F = 1.00; P = 0.408), meaning that the

effect of conditioning was independent of stimulus

strength.

3.6. Laser evoked potentials

In Fig. 5 (upper panel), time averaged laser evoked
potentials (LEPs) recorded at the vertex (Cz) in the con-

trol condition are displayed for the four stimulus inten-

sity levels. One can easily distinguish a late LEP (N2-P2
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component) in the 0.2–0.5 s time window, which is

evoked by the activation of Ad-fibers (Bromm and Tre-

ede, 1984; Treede et al., 1988) and an ultra-late LEP, a

small positivity in the 0.6–1.2 s time window peaking

at about 850 ms, which is evoked by the selective activa-

tion of C-fibers (Bromm et al., 1983; Nahra and Plaghki,
2003a). The late LEP component is clearly modulated

by stimulus intensity.

In the skin cooling condition (Fig. 5 lower panel), the

late-LEP was reduced in amplitude, especially for the

high stimulus intensities, and the ultra-late LEP was bet-

ter revealed. This observation also parallels the reduc-

tion in short RTs and proportion of pricking

sensations between control and skin cooling conditions.
For the purpose of quantification and statistical anal-

ysis, LEPs were rectified and the area under the curve

(ACs in lV s) was computed and averaged for each

stimulus intensity in the late time window (from 0.2–

0.5 s) and in the ultra-late time window (from 0.6–1.2

s). Results are shown in Fig. 6. A repeated measures

ANOVA of ACs as dependent variable and condition

and stimulus strength as within factors yielded the fol-
lowing results. For the late time window there was a

highly significant effect of stimulus strength (F = 16.50;

P < 0.001) and of condition (F = 10.66; P = 0.011).

However, there was no interaction between factors
Fig. 5. Grand means of laser evoked potentials (LEPs) recorded at Cz

for the four stimulus intensities (label 1 lowest and 4 highest intensity)

and for the two experimental conditions. In control condition (upper

panel), late and ultra-late LEPs were observed. Late LEPs are

characterized as a triphasic wave (N1–N2–P2) that is attributed to

the activation of Ad–fibers. Ultra-late LEPs are characterized by a

large positivity peaking at around 850 ms that is attributed to the

activation of C-fibers. During skin cooling (lower panel), the late N2–

P2 complex (02–0.5 s time window) was reduced, whereas the large

ultra-late positivity (0.6–1.2 s time window) was not affected.

Fig. 6. Upper panel: average areas under the curve (ACs in lV s) of

rectified LEPs in the late time window (0.2–0.5 s) as a function of

stimulus strength for control and skin cooling conditions. ACs

increased monotonically with stimulus strength in both experimental

conditions. Skin cooling reduced the ACs for all stimulus intensities

although more significantly for the two highest levels. Lower panel:

average areas under the curve (ACs in lV s) of rectified LEPs in the

ultra-late time window (0.6–1.2 s) as a function of stimulus strength for

control and skin cooling conditions. There was no significant effect of

stimulus strength and no difference between experimental conditions.
(F = 2.66; P = 0.070) meaning that the effect of condi-

tion was independent of stimulus strength.
For the ultra-late time window, there was no signifi-

cant effect of condition (F = 0.04; P = 0.850) and of

stimulus strength (F = 1.17; P = 0.343). Also, there was

no significant interaction between factors (F = 0.146;

P = 0.931).
4. Discussion

This study investigated the perception and neuro-

physiological correlates of brief CO2 laser stimuli when

the skin around the laser stimulation site was cooled.

It was hypothesized that innocuous cold (20 �C) would
decrease perceived intensity, depress LEPs and delay

RTs. Following predictions, results showed that innocu-

ous cooling of the skin surrounding the laser heat stim-
uli increased the absolute detection threshold and pain
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threshold, reduced the overall intensity of perception,

decreased the proportion of well localized �pricking� sen-
sations, altered the sensory discrimination performance

but not the decision criterion, delayed RTs, and de-

pressed the late-LEP but not the ultra-late-LEP compo-

nents. Taken together, these results strongly suggest that
innocuous skin cooling interfered with the sensory pro-

cessing of laser heat stimuli and more prominently with

the sensory processing of Ad-nociceptive input. These

findings are consistent with some psychophysical studies

showing that innocuous skin cooling leads to increased

absolute detection threshold (Pertovaara et al., 1988),

pain thresholds (Hardy et al., 1951; Pertovaara et al.,

1988; Strigo et al., 2000), and prolonged reaction times
(Pertovaara et al., 1996). However, as aforementioned,

these studies confounded the effects of lowering base

skin temperature at the stimulation site with the effects

of concomitant activation of low threshold cold

receptors.

The effect of innocuous cold on perception and

neurophysiological correlates of laser heat stimuli may

result from several mechanisms acting in isolation or
in combination and of which the following will be exam-

ined successively: (1) lowering of baseline skin tempera-

ture, (2) reduction in sensitivity of nerve endings, (3)

alteration in conduction of primary afferents, (4) sensory

gating at spinal and/or (5) supraspinal levels and (6) psy-

chological response bias.

If lowering the skin temperature beneath the ther-

mode from roughly 32–20 �C also reduced the baseline
skin temperature of the area stimulated by the laser,

more calorific energy would be needed to reach the acti-

vation threshold of heat responsive nerve endings.

However, as explained in Section 2.4, several precau-

tions were taken to avoid this potential pitfall. Based

on theory of heat conduction, the skin beneath the hole

situated at the center of the thermode (and thus not di-

rectly exposed to the cooling plate) should not have
changed significantly from baseline. This was validated

by direct experimental observations as illustrated in

Fig. 2(a) and (b). It was also verified that the time span

between two consecutive exposures of a given location

was sufficient to allow the skin to return to its initial

temperature. Therefore, it seems unlikely that the ob-

served effects can be explained by a lowering of baseline

skin temperature in the skin area exposed to laser
stimuli.

The possibility that the innocuous cold may have al-

tered the sensitivity of nociceptor nerve endings can be

ruled out based on numerous studies. Hardy et al.

(1951) clearly showed that ‘‘it is the actual skin temper-

ature level that is critical as regard noxious stimulation

of the skin, and not the rate of skin temperature rise

nor the amount of skin temperature elevation’’. These
experiments were conducted using skin temperatures

within the range of the present study.
Although skin cooling can alter primary afferent con-

duction velocity this effect has only been reported when

skin temperature is cooled to less than 10 �C (Kunesch

et al., 1987). As skin temperature was never below 20 �C
in the present study, alteration of conduction in primary

afferents cannot contribute to explain the present results.
As it seems unlikely that current findings can be ex-

plained by mechanisms involving changes in primary

afferents, mechanism(s) of sensory modulation operat-

ing at some level(s) in the central nervous system must

have intervened. A first possible interpretation resides

in the fact that activation of low threshold mechanore-

ceptors in the skin and adjacent structures alters noci-

ception by gating the input from small afferent fibers
(Melzac and Wall, 1965; Nathan et al., 1986). In the

present study, the skin was cooled by a contact ther-

mode, which activated concurrently low threshold

mechanoreceptors. Actually, innocuous cold can in itself

induce a concurrent activation of large-diameter fibers,

i.e., SA II mechanoreceptors (Bini et al., 1984; Wahren

et al., 1989). Nevertheless, it is unlikely that concomitant

large fiber activation by the contact thermode or by the
innocuous cold could explain the modulations of laser

heat perception of the present study. Recently, we exam-

ined the influence of skin brush on the perceptual and

neurophysiological correlates of brief CO2 laser stimuli

(Nahra and Plaghki, 2003b). It was observed that in-

tense concurrent large-diameter fiber stimulation ap-

plied adjacently to the laser stimuli influenced their

perception and correlates in a different way. Although
absolute and pain detection thresholds and RTs in-

creased in a similar fashion, there was no reduction in

late-LEP amplitude and no change in sensory detection

performance but a clear shift in the response criterion. It

was concluded that concurrent large-diameter fiber stim-

ulation applied adjacently to laser heat stimuli acted pri-

marily by inducing psychological changes rather than by

modulating neural transmission in nociceptive
pathways.

However, the influence of innocuous skin cooling on

the perceptual and neurophysiological correlates of brief

CO2 laser stimuli can be explained by a mechanism in

which activity in cold-specific neural pathways inhibits

activity in heat nociceptive pathways (Craig and Bush-

nell, 1994). Indeed, two types of projection neurons

may constitute the neural substrates of this interaction,
the thermoreceptive-cold-specific (COLD) neurons and

the polymodal (heat, pinch and cold) nociceptive

(HPC) neurons (Craig, 1994). CoLD neurons receive in-

put exclusively from low threshold Ad-cold fibers. HPC

neurons receive input from Ad- and C-nociceptive pri-

mary afferents (Craig et al., 2001), both are activated

by brief CO2 laser stimuli (Bromm and Treede, 1984).

Craig (1998) demonstrated that COLD neurons inhibit
centrally HPC neurons in the lumbosacral cord of anes-

thetized cats that had receptive fields on the glabrous
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hind paw. This inhibition occurred in the spino-thalamo-

cortical pathways because both types of neurons are lo-

cated in lamina I of the spinal dorsal horn and project

to the thalamo-cortical level (Craig, 1998): for COLD

neurons to the posterior part of the ventral medial nu-

cleus (Vmpo) and from there to the insular cortex and
for HPC cells to the ventral caudal part of the medial

dorsal nucleus (MDvc) and from there to the cingulate

cortex. As several studies have shown that these cortical

regions contribute significantly to the generation of late-

LEPs (reviewed in Garcia-Larrea et al., 2003), this

mechanism may account for the reduction in late-LEP

components observed in the cooling condition.

Finally, the SDT analysis rules out a possible inter-
pretation based on response bias, as there was no shift

in the detection criterion during innocuous cold as com-

pared to control condition. In contrast, the significant

reduction in sensory discriminative performance during

concomitant innocuous cold gives further support to a

mechanism of sensory inhibition resulting from the

interaction between low threshold cold pathways and

heat nociceptive pathways.
In conclusion, innocuous skin cooling (20 �C) most

likely activated cold-sensitive neural pathways by low

threshold Ad-fiber input. That activation may have lead

to the central inhibition of pathways selectively activated

by the laser heat stimuli. This mechanism may possibly

explain the reduction in intensity and changes in quality

of perception, the loss of sensory discriminative perfor-

mance and the reduction of the late LEP, a neurophysi-
ological correlate of Ad-nociceptor activation.
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