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Abstract

This study examined the relative capacity of Ad- and C-fibers to encode non-painful and painful brief CO2 laser stimuli by

comparing the effects of Ad=C-fiber activation versus C-fiber activation alone. In nine normal subjects, brief CO2 laser pulses of four

different intensities (range 5.8–10:6mJ=mm2) were delivered at random on the first intermetacarpal zone of the dorsum of the hand.

A-fiber pressure block of the superficial radial nerve was performed to fully isolate the activity of C-fibers. Quality and intensity

(VAS) of percepts, reaction time (RT) and laser-evoked potentials (LEPs) were examined in baseline and A-fiber block conditions.

During A-fiber block, absolute detection threshold increased dramatically from 4:8� 1:8 to 10:9� 4:8mJ=mm2, proportion of

detected stimuli decreased from 87% to 47% and proportion of pain reports from 39% to 10%. The quality of sensations became

mainly �light touch� and the �pricking� sensation almost vanished. The stimulus-VAS curve shifted to the right and the slope was
reduced. Signal Detection Theory analysis revealed that discrimination performance (P(A)) was significantly depressed and that

response bias (B) evolved from a neutral towards a stoical attitude. Median RT increased from 492 to 1355ms. The late LEPs,

attributed to the activation of Ad-fibers, disappeared and ultra-late LEPs were recorded at Cz with a positivity peaking around
800ms. Collectively, these observations lead to the conclusion that Ad-fibers are the main peripheral mediators for the perception of
brief CO2 laser stimuli and that they provide more sensory information than C-fibers.
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1. Introduction

Since the introduction of the infrared CO2 laser

stimulator for pain research (Mor and Carmon, 1975),

psychophysical (Arendt-Nielsen and Bjerring, 1988;

Bromm et al., 1984; Pertovaara et al., 1988; Plaghki et

al., 1994; Svensson et al., 1997) and electrophysiological

studies (for a review see Bromm and Treede, 1991; Chen
et al., 1998; Kakigi et al., 2000) were performed to gain

understanding of the neural processes underlying the

perception of the brief stimuli delivered by this high

power radiant heat source.

Brief CO2 laser pulses activate selectively the heat-

sensitive Ad and C nociceptive primary afferents

(Bromm and Treede, 1984; Devor et al., 1982). These

afferents convey information to the central nervous

system about stimulus characteristics (intensity, dura-

tion, location, and surface area) with conduction ve-
locities of on average 8–12m/s and 0.5–2.0m/s,

respectively (Kakigi and Shibasaki, 1991; Opsommer et

al., 1999). Ad- and C-fibers have different heat thresh-
olds (46 �C and 41–42 �C, respectively) and different in-
nervation density in the upper layers of skin (Ochoa and

Mair, 1969; Treede et al., 1994). These two populations

of fibers are thought to mediate different aspects of the

pain experience with Ad-fibers being more implicated in
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phasic pain characterized by sharp pricking and well-
localized sensations (i.e., �first pain�) primarily associated
with early warning signals. On the other hand, C-fibers

have been more implicated in tonic pain, mainly re-

ported as burning, aching, and diffusing (i.e., �second
pain�) and generally associated with protective behavior.
Nevertheless, it has been repeatedly shown that the

magnitude of sensations induced by laser stimuli in-

creased monotonically over a wide range of stimulus
levels (Beydoun et al., 1993; Plaghki et al., 1994;

Svensson et al., 1997) and in a continuous fashion from

the non-painful to painful domain of sensations.

The respective contribution of Ad- and C-primary

afferents to the perception of brief radiant CO2 laser

stimuli has had little attention. Such studies may con-

tribute to a better understanding of (1) the relative ca-

pacity to encode characteristics of heat stimuli and (2)
the central processing of the information conveyed by

these two fiber populations. For instance, Chakour et al.

(1996) pointed out that, during A-fiber block, the pain

threshold for brief CO2 laser stimuli was substantially

higher and sensation magnitude dramatically decreased.

They concluded that brief CO2 laser perception was

largely mediated by Ad-fibers and to a much lesser ex-
tent by C-fibers.
The present study aimed at re-examining and ex-

panding our knowledge of the relative contribution of

Ad- and C-fibers to the perception of brief CO2 laser

stimuli by comparing psychophysical measures and

physiological correlates associated with Ad=C-fiber
activation versus C-fiber activation alone. For this

purpose, A-fiber block was performed to fully isolate C-

fibers. Stimulus perception (absolute detection thresh-
old, magnitude and quality of perceived sensations, and

sensory discrimination performance), reaction time (RT)

and laser-evoked brain potentials (LEPs) were examined

over a range of laser stimulus intensities extending from

non-painful to painful domain of sensations.

2. Materials and methods

2.1. Subjects

Ten healthy male volunteers (median age 30 years,

range 24–40) participated in the experiments. Before

starting an experimental session, explanations about

experimental procedures were given to the subjects.

Subjects were free to withdraw from the experiments at
any moment. A series of laser stimuli, preceding the

experimental session, was aimed at familiarizing subjects

with laser stimuli and rating procedures. All experiments

were done in a temperature-controlled room at 21 �C.
The rules followed were those of the Ethics committee of

the Universit�ee catholique de Louvain—Faculty of

Medicine.

2.2. Experimental design

Experiments were carried out as follows. Subjects

participated in two experimental sessions separated by

at least three days. Each session fulfilled one experi-

mental condition, either a baseline condition or an

A-fiber block condition. The two conditions were

presented in random order. Subjects were naive

concerning the aims of the experiments.

2.3. Test stimulus

Radiant heat stimuli were delivered by an infrared

CO2 laser stimulator (wavelength 10.6 lm; maximal
power output 25W; Optilas, Synrad, USA). The laser

pulse duration was 50ms and the stimulus surface area

was 20mm2. Four stimulus intensities were used (0.116,
0.146, 0.186, and 0.212 J) and delivered on the dorsum

of the left hand at the first intermetacarpal zone. Each

stimulus intensity was repeated 20–25 times. Stimulus

intensities were presented in random order with an in-

terstimulus interval of 5–15 s. Laser power output and

pulse duration were controlled by a programmable pulse

generator (Master 8-cp, A.M.P.I., Israel) and it was

triggered manually by the experimenter who warned the
subjects before each stimulus. A He–Ne laser beam was

adjusted to be coaxial and expandable with the infrared

beam to visualize the stimulation site. Care was taken to

move the laser spot after each stimulation to prevent

sensitisation or habituation. Subjects and experimenter

wore protective goggles. To avoid any acoustical or vi-

sual interference when triggering laser stimuli, the

equipment was put 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. Induction and monitoring of the pressure nerve block

Differential conduction blockade of myelinated nerve

fibers was achieved by applying pressure on the left su-
perficial radial nerve. The left hand rested on a soft layer

of tissue with the wrist in neutral position. Subjects were

asked to grab hold of a small vertical rod in order to

prevent pronation or supination of the hand and fore-

arm. Care was taken to hold the hand, arm, and

shoulder in a position that could be comfortably main-

tained for about 2 h. A 2 cm wide rubber band was put

across the forearm at approximately 7 cm proximal to
the wrist. Each end of the rubber band was connected to

a weight (2� 750 g). The nerve compression performed

in this way leads to preferential A-fiber blockade and

most importantly preserves C-fiber functions as dem-

onstrated by Ziegler et al. (1999). The pressure from the

band did not cause ischaemia of the hand as skin tem-

perature did not change. The progress of the A-fiber
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block was monitored quantitatively by three detection
tasks that functionally characterize different types of

peripheral sensory nerve fibers: (1) touch detection for

Ab-fibers (2) cold detection for small-diameter Ad cold
fibers, and (3) reaction times to CO2 laser stimuli for

small-diameter Ad thermoreceptors and nociceptors.
The monitoring of sensory loss began 30min after

nerve compression and was repeated regularly at 10min

intervals. The sensory tests started with 16 applications
of a 4mN Semmes–Weinstein filament on the skin

(Ziegler et al., 1999). Subjects were asked to keep their

eyes closed and warning was given before the start of the

test. When sensory test indicated that detection rate was

<10%, it was considered that a loss of large Ab-fiber
function was achieved.

Cold sensation was tested by touching the skin 2–3

times with a cooled probe (25cm2 surface area of skin
contact). The temperature of the probe, monitored by a

thermistor, was maintained at 20 �C by circulating cool

water. When a loss of cold sensation occurred or a

sensation of paradoxical heat was reported after cuta-

neous contact with the probe, Ad cold fibers were con-
sidered blocked (Fruhrstorfer, 1984; Hansen et al., 1996;

Wahren et al., 1989).

Reaction times for Ad-fiber nociceptors to laser CO2

stimulation (10:6mJ=mm2; 50ms) were determined.

These nociceptors were considered blocked when reac-

tion times to laser stimulation became larger than

650ms. This cut-off was derived from previous experi-

ments revealing a bimodal distribution of reaction times

to laser stimuli of different intensities (Bragard, 1995);

the first peak corresponding to detections by activation

of Ad-fibers (�first pain�) and the second peak revealing
selective activation of C-fibers (�second pain�).
The block was released at 97� 16min. No persistent

sensory loss was observed and the functions of A-fibers

were rapidly and completely restored for all subjects.

One subject did not develop a complete A-fiber block

within the usual time span of an experimental session.

His reaction times to the CO2 laser stimuli remained

shorter than 650ms and he continued to rapport a
pricking pain (�first pain�) despite an almost complete

blockade of touch and cold sensations. He was there-

fore, excluded from all subsequent data analysis.

2.5. Laser-evoked potentials

The exploring electrode was placed at Cz (Interna-

tional 10–20 system) since the largest LEP components
culminate around the vertex (Treede et al., 1988).

Linked earlobes (A1+A2) were used as reference. The

ground was referenced to the right wrist. The contact of

electrodes with the skin was improved by conducting

electrode jelly. Impedance of all electrodes was kept

below 5KX. The electro-oculogram (EOG) of the right

eye was recorded with disposable Ag/AgCl surface

electrodes for artefact control. Electrodes were con-
nected to an amplifier (band pass 0.06–70Hz; gain:

1000; PLEEG, Walter–Graphtek, Germany). Data ac-

quisition was performed with a sampling rate of 167 cps.

EEG was monitored on-line and signals were stored for

off-line analysis. The off-line analysis was performed

with the Neuroscan V3.0 software procedures (Neuro-

scan, Illinois, USA). The continuous EEG records were

epoched (512 samples) with a prestimulus period of
500ms. Single sweeps were averaged for each stimulus

intensity after rejecting the contaminated sweeps by off-

line visual inspection and performing baseline correction

using the prestimulus period.

2.6. Psychophysics and behavioral measures

2.6.1. Reaction time

A digital chronometer was used to measure reaction

time with a resolution of 1ms. Laser stimulus triggered

off the chronometer. Subjects held with the right hand a

button and they 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 beginning of the stimulus

and the subject�s reaction.

2.7. Quality and intensity of perceived sensation

Subjects were asked to describe verbally the quality of

sensation from a checklist containing the following de-

scriptors in French: �non perc�u� (not perceived), �effle-
urement� (light touch), �toucher� (touch), �picotement�
(tingling), �piqûure� (pricking), �chaud� (hot), and �brûulant�
(burning). Subjects were instructed to report the quality

of the sensation felt after each laser stimulation. After-

wards, subjects were asked to report verbally on a visual

analog scale (VAS) the intensity of their perceived sen-

sation. VAS was a 101 point scale with zero indicating

�no detection� and 100 meaning �maximum of pain.� The
pain threshold was anchored at the middle of the scale

(VAS¼ 50) and marked the borderline between the non-
painful and painful domain of sensations. The absolute

detection threshold, defined as the lowest stimulus in-

tensity detected with a probability of 0.5, was computed

by interpolation of the psychometric function after lin-

earization by logit transformation (Ashton, 1972).

2.8. Sensory decision theory analysis

Classical psychophysics of pain perception is based

on the assumption of a pain threshold. The Signal De-

tection Theory (SDT) approach handles pain perception

as a decision making process. The strength of this ap-

proach resides in the fact that it quantifies discrimina-

tory (or sensory) and attitudinal (or response bias)

components independently. Parameters of discrimina-
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bility (P(A)) and bias (B) were computed using the non-
parametric procedures fully described in McNicol

(1972). The index of discrimination 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 discrimination at all) and 1.0 (i.e., perfect

discrimination). The decision 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).

2.9. Data analysis

The duration of nerve compression needed for the

loss of the different A-fiber functions was tested by a

repeated measure ANOVA with time as the dependant

variable. Paired comparisons were performed with
paired t test or with Wilcoxon�s test when appropriate.
One sample t test was used to compare the slopes of

stimulus–response (S–R) curves. Repeated measures

ANOVA were performed with as within factors, the

four stimulus strengths and the two experimental con-

ditions. Linear contrast analysis was used for probabil-

ity of detection, intensity of perception, reaction times,

and areas under the curve of LEPs. Yates corrected v2

test was employed to compare the incidence of qualities

of sensation between conditions. Statistical tests were

considered significant if P < 0:05. Statistical analysis
were realized with Statview V5.0 software (SAS Insti-

tute, USA) and Super ANOVA software (Abacus

Concepts, Berkeley, USA).

3. Results

3.1. Time course to A-fiber block

Touch and cold sensation, respectively, disappeared

57� 9:7 and 58� 14:8min after nerve compression.

However, the �first pain� evoked by noxious laser stimuli
and ascribed to the activation of Ad nociceptors disap-
peared significantly later (78� 21:4min; F ¼ 7:33,
P ¼ 0:005).

3.2. Probability of detection curves and absolute detection

threshold

Fig. 1A shows the probability of detection as a

function of stimulus strength. The absolute detection
threshold was 4:8� 1:8mJ=mm2 in baseline condition.

During A-fiber block, the absolute detection threshold

was 10:9� 4:8mJ=mm2 and significantly increased as

compared to baseline condition (t ¼ �4:02; P ¼ 0:007).
In baseline condition, 87% of all stimuli (n ¼ 877)

were detected against only 47% of all stimuli (n ¼ 756)

during A-fiber block. A repeated measure ANOVA with

Fig. 1. Effect of A-fiber block on detection performance, magnitude

of perception, and reaction times. Summary of the results obtained

with the two experimental conditions as a function of stimulus

strength. (A) Probability of detection. In baseline condition, 87% of all

stimuli were detected against only 47% during A-fiber block. Note

that the reduction in detection performance was independent of

stimulus strength. (B) Magnitude of perception (VAS score). The

VAS was marked at the middle (VAS¼ 50) with an anchor indicating
the borderline between the non-painful and painful domain of sen-

sations. The intensity of perception increased monotonically with

stimulus strength in both conditions, although the curve was much

steeper for the baseline condition. Therefore, 39.3% of stimuli were

perceived as painful in baseline condition and only 9.7% in A-fiber

block condition. This is illustrated by the relative frequency distri-

butions of VAS scores (bins 10U) displayed as inserts. (C) Reaction

times (RTs). In baseline condition, RTs decreased with stimulus

strength. The relative frequency distributions (bins 50ms) of RTs

pooled for all stimulus levels are shown as inserts. In baseline con-

dition, RT distribution was right skewed with a high percentage of

short latency responses (67% <650ms; median RT¼ 492ms). During
A-fiber block, almost all RTs were of long latency (96% >650ms;

median RT¼ 1355ms).

192 H. Nahra, L. Plaghki / European Journal of Pain 7 (2003) 189–199



probability of detection as dependent variable and with
stimulus strength and experimental condition as within

factors, yielded the following results. There was a highly

significant effect of stimulus strength (F ¼ 26:05;
P < 0:001) and of experimental condition (F ¼ 35:99;
P < 0:001) on the probability of detection. However,

there was no significant interaction between factors

(F ¼ 0:71; P ¼ 0:553), meaning that the effect of con-
ditioning was independent of stimulus strength. In other
words, the detection performance was equally depressed

for all stimulus levels during A-fiber block.

3.3. Intensity of perception

The magnitude of perception of laser heat stimuli was

assessed with a VAS marked at the middle of the scale

(VAS¼ 50) with an anchor indicating the borderline
between the non-painful and painful domain of sensa-

tions. For each subject, the median of VAS scores were

computed for each of the four laser stimulus intensities

presented in a random fashion. When the stimulus was

not perceived (no reaction time) a score of zero was

given to the trial. These results are illustrated in Fig. 1B

displaying the S–R relationships in both experimental

conditions.
A repeated measure ANOVA with VAS as dependant

variable and with stimulus strength and experimental

condition as within factors showed a highly significant

effect of stimulus strength (F ¼ 48:37; P < 0:001) and of
condition (F ¼ 36:21; P < 0:001). A significant interac-

tion between factors was also observed (F ¼ 8:88;
P < 0:001), meaning that the effect of condition varied
significantly with stimulus strength. Linear contrast
analysis revealed that, in baseline condition, the two

lowest stimulus levels but also the two highest stimulus

levels were on average not perceived as different (Table

1), although the S–R curve increased monotonically

(Fig. 1B). This result is to be put in line with the fre-

quency distribution of VAS scores. As shown in the

upper left corner of Fig. 1B, the distribution was clearly

bimodal with a first peak between scores 0–10 and a

second higher peak between scores 50–60. During A-fi-
ber block, the intensity of stimulus perception was

blurred as the subjects lost their ability to distinguish

between adjacent stimulus intensity levels over the full

range (see Table 1). The slope of the S–R curves, ad-

justed to a simple linear model by the method of least

squares, appeared much steeper in the baseline as

compared to the A-fiber block condition (paired t

test¼ 3.27; P ¼ 0:011). There was no significant effect on
the intercept (paired t test¼)1.36; P ¼ 0:210), meaning
that Ad-fiber input added considerable gain to the S–R
function. It is worthwhile to note that in baseline con-

dition 39.3% of stimuli were perceived as painful (VAS

score >50) and only 9.7% in A-fiber block condition.

This is again illustrated by the frequency distributions of

VAS scores for the two conditions displayed as inserts in

Fig. 1B.

3.4. Quality of perceived sensations

As shown in Fig. 2, the sensations perceived in

baseline condition were mainly described as pricking

(47%) or tingling (14%) and to a lesser extent as light

touch (11%), touch (6%), hot (7%), and rarely as burn-

ing (2%). Note that 13% of the stimuli were not detected.
During A-fiber block, the proportion of well-localized

pricking sensations (8%) was reduced dramatically

(v2 ¼ 284:71; P < 0:001) in comparison with baseline

condition. The proportion of tingling (9.8%) was de-

creased also, although to a much lesser extent (v2 ¼
6:53; P ¼ 0:010). In contrast, the proportion of stimuli
perceived as light touch (13%), touch (5%), hot (8%), or

burning (3%) did not significantly change in comparison
with baseline condition. It is likely that these later sen-

sations (accounting for 26% of stimulus perception)

were related to C-fiber activity and that the well-local-

ized pricking and tingling sensations may be attributed

mainly to Ad-fiber activity. However, most importantly
was the great increase in the proportion of stimuli that

were not detected (53%). It is also worthwhile to note

that reduction in the proportion of unperceived stimuli
(+40%) during A-fiber block matched the reduction in

sensations reported as pricking ()39%).

3.5. Discrimination performance and decision criterion

The method of Signal Detection Theory (SDT) was

used to investigate the discrimination performance and

decision criterion for perception of laser stimuli. The
index of discrimination performance P(A) is based on

the proportion of the area beneath the Receiver Oper-

ating Characteristic curve (ROC) which may range be-

tween 0.5 (no discrimination 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

Table 1

Linear contrast analysis in repeated measures ANOVA (condition and

stimulus intensity as within factor) of the intensity of perception (VAS

scores) for baseline condition and A-fiber block condition

7.3

(mJ/mm2)

9.3

(mJ/mm2)

10.6

(mJ/mm2)

Baseline

5.8 (mJ/mm2) P ¼ 0:302 P ¼ 0:0001 P ¼ 0:0001

7.3 (mJ/mm2) – P ¼ 0:0001 P ¼ 0:0001

9.3 (mJ/mm2) – – P ¼ 0:114

A-fiber block

5.8 (mJ/mm2) P ¼ 0:603 P ¼ 0:0215 P ¼ 0:0004

7.3 (mJ/mm2) – P ¼ 0:0649 P ¼ 0:0016

9.3 (mJ/mm2) – – P ¼ 0:1192
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corresponding to the two highest intensities of stimula-

tion. Indeed, for both experimental conditions, it was

observed (Table 1) that scores from the two lowest or
the two highest stimulus levels were not statistically

different. As compared to baseline condition, discrimi-

nation performance during A-fiber block was consider-

ably reduced; P(A) dropped significantly from 0:869�
0:069 to 0:603� 0:111 (z ¼ �2:55; P ¼ 0:011).
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) was rather low in the base-

line condition (45� 12:9) and increased dramatically

during A-fiber block (71� 16:3) meaning that the sub-
jects adopted a more �stoical� attitude. The difference in
decision criterion (or response bias) between the exper-

imental conditions was highly significant (z ¼ �2:66;
P ¼ 0:008).

3.6. Reaction time

The relative frequency distributions of reaction times

(RTs) for baseline and A-fiber block conditions are

displayed as inserts in Fig. 1C. In baseline condition, the

distribution was right skewed with a sharp peak (67% of

RTs were of short latency i.e., <650ms). The median RT

and inter-quartile range for all stimulus levels were 492
and 401ms, respectively. However, it is important to

note that the proportion of short latency RTs changed

with stimulus intensity, being for the four stimulus levels

in ascending order of 36%, 54%, 79% and 87%, respec-

tively. This subset of RTs was attributed to the activa-

tion of Ad-fibers (Arendt-Nielsen and Bjerring, 1988;

Bragard, 1995; Campbell and Lamotte, 1983). After A-

fiber block, RTs of short latency almost disappeared as
96 % of RTs were of long latency (>650ms), irrespective

of stimulus strength. The median RT and inter-quartile

range for all perceived intensities were 1355 and 514ms,

respectively. This set of responses was attributed to the

selective activation of C-fibers (Bromm et al., 1983).

A repeated measure ANOVA with RTs as dependent

variable and with stimulus strength and experimental

condition as within factors, yielded the following results.
There was a highly significant effect of stimulus strength

(F ¼ 11:00; P < 0:001) and of experimental condition

(F ¼ 77:21; P < 0:001) on the RTs. There was also a

significant interaction between factors (F ¼ 16:35;
P < 0:001), meaning that the effect of conditioning was
dependent on stimulus strength.

Linear contrast analysis (Table 2) revealed that in

baseline condition, the RTs became shorter as stimulus

Table 2

Linear contrast analysis in repeated measures ANOVA (condition and

stimulus intensity as within factors) of RTs for baseline condition and

A-fiber block condition

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

Baseline

5.8 (mJ/mm2) P ¼ 0:052 P ¼ 0:0001 P ¼ 0:0001

7.3 (mJ/mm2) – P ¼ 0:0002 P ¼ 0:0001

9.3 (mJ/mm2) – – P ¼ 0:233

A-fiber block

5.8 (mJ/mm2) P ¼ 0:0015 P ¼ 0:019 P ¼ 0:643

7.3 (mJ/mm2) – P ¼ 0:302 P ¼ 0:005

9.3 (mJ/mm2) – – P ¼ 0:052

Fig. 2. Effect of A-fiber block on quality of the first percept. Quality of the first percept following brief CO2 laser stimulation in baseline and after A-

fiber block for all pooled stimulus levels. The proportion of stimuli that was not perceived increased from 13% to 53%. The proportion of �pricking�
sensation and to a much lesser extend �tingling� sensation decreased significantly during A-fiber block. Note that the reduction in the proportion of
�pricking� sensations ()39%) matched the increase in the proportion of non-detected stimuli (+40%). The other sensations (�light touch�, �touch�, �hot�,
and �burning�) did not change between conditions.
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strength increased. This result strongly resembled that
obtained with the VAS scores. During the A-fiber block

and for all stimulus intensities, RTs were significantly

longer as compared to baseline condition. Within this

condition, RTs in response to intermediate stimulus

levels showed on average the largest increase in latency

(Fig. 1 and Table 2). The much longer RTs during A-

fiber block, as compared to baseline condition, results

from the fact that in the later condition there was a
significant proportion of short latencies even for the

lowest stimulus intensities.

3.7. Laser-evoked potentials (LEPs)

In Figs. 3A and B, time averaged grand mean LEPs

recorded at the vertex (Cz) are displayed for the four

stimulus intensity levels. In baseline condition, late
LEPs were observed. They were characterized as a

negative–positive complex (N2–P2) in a 0.2–0.5 s time

window and were attributed to the activation of Ad-fi-
bers (Treede et al., 1988; Chen et al., 1998). However, in

the 0.5–1.2 s time window, an additional positivity could

be distinguished. This ultra-late positivity that peaked at

about 0.8 s can be ascribed to C-fiber activity (Bragard
et al., 1996; Bromm et al., 1983) as it is observed when

trials with long latency RTs (>650ms) are averaged. It is

absent from averaged traces in trials with only short

latency RTs (6 650ms).

During A-fiber block, the N2–P2 complex charac-

teristic of Ad-fiber activation completely vanished and
an ultra-late positivity appeared, peaking at about

800ms, for the four stimulus levels.
For the purpose of quantification and statistical

analysis, LEPs were rectified and the area under the

curve (ACs in lV.s) was computed and averaged for

each stimulus intensity in each subject, in the late time

window (from 0.2 to 0.5 s) and in the ultra-late time

window (from 0.6 to 1.2 s). Results are shown in Figs.

4A and B. Repeated measures ANOVA of ACs as de-

pendant variable and condition and stimulus intensity as
within factors yielded the following results. For the late

time window, there was a highly significant effect of

condition (F ¼ 18:25; P ¼ 0:003) and of stimulus in-

tensity (F ¼ 19:21; P ¼ 0:0001). In addition, there was
a highly significant interaction between factors (F ¼
17:34; P < 0:001) meaning that ACs varied with intensity

Fig. 3. Effect of A-fiber block on laser-evoked potentials (LEPs). Grand means of LEPs recorded at Cz for the four stimulus intensities (label 1 lowest

and 4 highest intensity) and for the two conditions. (A) In baseline condition (upper panel), late LEPs were observed. They are characterized as a

biphasic wave by a negative–positive complex (N2–P2) that is attributed to the activation of Ad-fibers. (B) During A-fiber block (lower panel), the
N2–P2 complex in the �late� 0.2–0.5 s time window was absent and an ultra-late positivity appeared, peaking at around 800ms (�ultra-late� 0.6–1.2 s
time window). These brain responses were not modulated by stimulus strength.
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depending on condition. Linear contrast analysis re-

vealed that in baseline condition (Table 3), ACs related

to intensity levels were significantly different in the time

window of 0.2–0.5 s; ACs increased as a function of

stimulus strength. For the ultra-late time window, this

positive S–R relationship was completely absent in
baseline condition (F ¼ 0:81; P ¼ 0:502). Most impor-
tantly, there was clearly no effect of condition (F ¼ 0:60;
P ¼ 0:459) and there was no interaction between factors
(F ¼ 0:74; P ¼ 0:541). These results revealed that in

contrast to late LEPs (Table 3), brain responses to sig-

nals ascending through C-fibers activated by brief laser

stimuli are not modulated by stimulus strength (Bragard

et al., 1996).

4. Discussion

This study aimed at further exploring the relative

contribution of Ad=C-fibers versus C-fibers alone to the
perception of brief CO2 laser stimuli applied on the

dorsum of the hand. Psychophysical measures and

neurophysiological correlates were compared between a
normal condition (�baseline�) and an A-fiber pressure

block of the superficial radial nerve at the wrist (�A-fi-
ber block�). In short, it was observed that the incidence
of detected stimuli and the sensation magnitude, in

particular the incidence of pain reports, decreased

dramatically for all stimulus levels when subjects relied

solely on information from C-fiber activity. The abso-

lute detection threshold increased significantly to be-
come equal to the baseline pain threshold for brief laser

stimuli. The quality of perceived sensation changed

with the pricking pain (first pain) being nearly com-

pletely suppressed. Discrimination performance of

stimulus strength was greatly reduced but subjects

manifested also a large increase in decision criterion.

Reaction time to both noxious and non-noxious stimuli

was considerably increased and the selective A-fiber
block allowed recording of ultra-late LEPs related to

the activation of C-fibers as already reported by Bromm

et al. (1983). All together, these findings suggest

strongly that perception of brief CO2 laser heat stimuli

is mainly mediated by Ad-nociceptors. This is not sur-
prising as one might reasonably expect that procedures,

which compromise the summation of Ad- and C-fibers
would elevate the heat pain threshold (Chakour et al.,
1996).

However, previous studies on heat pain perception

emphasized that C nociceptors are the main mediators

of heat pain. Indeed, the first pain sensation was com-

pletely suppressed after A-fiber block, while the per-

ception of second pain was either unchanged (Kojo and

Pertovaara, 1986; Lamotte et al., 1983; Landau and

Bishop, 1953; Meyer and Campbell, 1981; Robinson et
al., 1983; Sinclair and Stokes, 1964; Wahren et al., 1989)

Fig. 4. Effect of A-fiber block on areas under the curve of LEPs. (A)

Average areas under the curve (Acs in lV.s) of rectified LEPs in a �late�
0.2–0.5 s time window as a function of stimulus strength for baseline

and A-fiber block conditions. ACs increased monotonically with

stimulus strength in baseline condition. This relation vanished com-

pletely during A-fiber block. (B) Average areas under the curve (ACs in

lV.s) of rectified LEPs in an �ultra-late� 0.6–1.2 s time window as a

function of stimulus strength for baseline and A-fiber block conditions.

There was no significant stimulus–response relationship for these ultra-

late LEPs and no effect of condition.

Table 3

Linear contrast analysis in repeated measures ANOVA (condition and

stimulus strength as within factors) of �areas under the curve� related to
late LEPs in baseline condition and to ultra-late LEPs in A-fiber block

condition

7.3

(mJ/mm2)

9.3

(mJ/mm2)

10.6

(mJ/mm2)

Baseline-late LEPs

5.8 (mJ/mm2) P ¼ 0:015 P ¼ 0:0001 P ¼ 0:0001

7.3 (mJ/mm2) – P ¼ 0:0001 P ¼ 0:0001

9.3 (mJ/mm2) – – P ¼ 0:057

A-fiber block ultra-late LEPs

5.8 (mJ/mm2) P ¼ 0:551 P ¼ 0:510 P ¼ 0:576

7.3 (mJ/mm2) – P ¼ 0:215 P ¼ 0:969

9.3 (mJ/mm2) – – P ¼ 0:228
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or even higher (Price et al., 1977). These findings seem to
be in contradiction with the present results and those of

Chakour et al. (1996), who observed a similar reduction

in sensation magnitude and an increase in pain thresh-

old of brief CO2 laser stimulations during A-fiber block.

Differences in methodology may possibly explain the

discrepancies with the aforementioned studies. Indeed,

they all have in common the use of tonic heat stimuli of

long duration (seconds), with slow rise time (<10 �C/s)
and relatively large stimulus surface areas (cm2). In

contrast, the CO2 laser stimuli used in both present and

Chakour et al. (1996) studies allowed very fast (by sev-

eral orders of magnitude) increase of skin temperature,

with brief stimuli (tens of ms) and comparatively small

stimulus surface areas (20mm2). It has been shown that

these kinds of stimuli activate Ad- and C-fibers within
less than 100ms after stimulus onset (Bromm and Tre-
ede, 1991).

The difference in psychophysical effects of A-fiber

block between tonic and phasic heat may be interpreted

on the ground of either biophysical (e.g., heat conduc-

tion), neurophysiological (e.g., convergence, temporal

and/or spatial summation, assembly coding), or psy-

chological factors (e.g., decision criterion). That bio-

physical factors may explain the effects of A-fiber block
on phasic heat perception is not very likely as base skin

temperature and thus the skin heating profile was not

significantly changed between the two conditions. There

are no reasons to believe that biophysical parameters of

skin at the stimulus site were influenced by the com-

pressive nerve bloc located 7 cm above the wrist as

subjects recovered from the A-fiber block within min-

utes and there was no change in skin temperature of the
hand during the experimental sessions. On the contrary,

the large shift in decision criterion B (response bias)

towards higher scores on the VAS may certainly con-

tribute to explain the decreased rate of stimulus detec-

tion and more specifically the incidence of pain reports

under A-fiber block. However, this can only partly ex-

plain the effects as the significant decrease in the index

of sensory discrimination (P(A)), a measure of subject�s
sensitivity independent of response bias (McNicol,

1972), is also greatly reduced. This reduction in dis-

crimination performance of heat stimuli may partly be

explained by a difference in transduction mechanisms

for Ad and C nociceptors. In humans, microneuro-

graphic recordings have shown that Ad nociceptors

presented generally a higher discharge rate than C

nociceptors to the same intensity of radiant heat (Ad-
riaensen et al., 1983). This pattern of discharge should

provide more information regarding stimulus intensity

and as a consequence enhance discriminative perfor-

mance. Since during A-fiber block subjects rely only on

the information conveyed by C-fiber afferents, this may

explain also the reduction in sensitivity for brief CO2

laser stimuli.

In addition, we present further evidence about the
relative resistance of Ad-fiber nociceptors to pressure

nerve blockade (Ziegler et al., 1999). Indeed, non-pain-

ful cold and touch sensation disappeared simultaneously

after about 1 h of nerve compression while first pain

evoked by noxious CO2 laser stimuli, mediated by Ad-
fiber nociceptors, disappeared following longer duration

(+30%) of nerve compression. Mackenzie et al. (1975)

also reported that, during the stage of impaired cold
discrimination under A-fiber block, the intrafascicular

neurogram retained fiber potentials with conduction

velocities of 5–15m/s. This phenomenon may have es-

caped the investigators of previous studies. It implies

that studies using only impairment of cold sensation or

paradoxical heat sensation as criterion for complete

A-fiber blockade have to be interpreted with caution.

Finally and most importantly given the significant re-
duction in stimulus detection during A-fiber block,

several lines of evidence argue against the hypothesis

that the pressure block had started to affect C-fibers.

These lines were thoroughly presented in Ziegler et al.

(1999) and are recollected here. (1) A 2 h pressure block

on rabbit peripheral nerve completely blocked large di-

ameter fibers after 23min. but left C-fibers unaffected

(Dahlin et al., 1989). (2) Multi-unit C-fiber activity re-
corded in humans by microneurography was not chan-

ged after up to 2 h of pressure block (Torebj€oork and

Hallin, 1973; Mackenzie et al., 1975). (3) Forty minutes

of compression ischaemia that blocked cold sensation

after 20min. did not affect C-fiber mediated heat pain

(Yarnitsky and Ochoa, 1991). (4) In Ziegler et al. (1999),

capsaicin-evoked pain known to be mediated primarily

by C-fibers was not affected by the pressure block. But,
with complete A-fiber block, 21% of mechanical pin-

prick stimuli (sharp needle-tip) were not perceived.

Nevertheless, these arguments may not explain all the

discrepancies with the earlier studies. As already men-

tioned, the decrease in pain perception and the increase

of pain threshold during A-fiber block may also result

from the much larger surface area and longer duration

of thermal stimuli. Indeed, since the early investigations
of Hardy and Oppel (1937), it has been shown that for

warming stimuli, if the surface area of stimulus is dou-

bled, threshold is about half that of the smaller area.

This phenomenon of spatial summation is also true for

noxious radiant heat (Greene and Hardy, 1958; Pert-

ovaara et al., 1988) within the range of surface areas

used in the aforementioned studies with A-fiber block.

However, the effect of A-fiber block on spatial summa-
tion has, to our knowledge, never been thoroughly in-

vestigated. Finally and even more relevant is the process

of temporal summation, i.e., pain that progressively

increases with repetitive constant noxious stimuli. It has

been ascribed to activity in C-nociceptors as it persists

(or is enhanced and prolonged) during A-fiber block

(Price et al., 1977). However, with the brief laser stimuli
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(50ms) and the large inter-stimulus-intervals (5 to 15 s)
of the present study, this process of temporal summa-

tion was probably not operational.

From the above considerations it follows that, with

the slow heating rate of thermodes and conventional

radiant stimulators, the sensory transmission is domi-

nated by C-fiber input as the Ad input lags behind. With
the very fast heat ramp produced by CO2 laser stimuli,

the afferent barrage of Ad-fibers arrives at central syn-
apses well before the action potentials ascending through

C-fibers. The difference in time between activation of the

transduction process in Ad-fibers and C-fibers is a matter
of tens of ms despite the fact that Ad-nociceptor heat
threshold is higher than that of C-nociceptors (Treede

et al., 1988) and that the latter may possibly be located in

slightly deeper skin layers (Tillman et al., 1995). How-

ever, the higher conduction velocity of Ad-fibers (about
10m/s) responsive to noxious laser stimuli as compared

to C-fibers (<2m/s) makes a large difference in arrival
time at central synapses. Let�s suppose a peripheral

conduction distance of about 1m when stimulating the

hand, than the afferent barrage of Ad-fibers arrives at
central synapses roughly 400 to 900ms in advance of

inputs conveyed by C-fibers. As a consequence, with

brief CO2 laser stimuli, Ad-fibers may largely dominate
the sensory information transmitted to higher centers.

Finally, there are striking similarities with the effect

of A-fiber blockade on S–R functions of pricking pain to

punctate mechanical probes. Indeed, Ziegler et al. (1999;

see their Fig. 5) showed that the recruitment function for

pricking pain was significantly shifted to the right;

threshold in baseline condition was 45mN and increased

to 160mN after A-fiber blockade. During A-fiber con-
duction block, pain ratings were significantly diminished

and the S–R curve had also a reduced slope. Before

nerve blockade, the RTs were fast (180ms on average)

and became slow under fully established A-fiber block-

ade (1150ms on average). These results suggest that

mechanically evoked pricking pain in normal skin is also

predominantly mediated by A-fiber nociceptors.

In conclusion, the present study provides strong evi-
dence for a differential role of Ad- versus C-fiber-medi-
ated perception of brief non-painful and painful thermal

stimuli. Indeed, during A-fiber block the whole range of

psychophysical measures and neurophysiological corre-

lates was significantly depressed. It is proposed that Ad-
fibers are the main peripheral mediators of brief CO2

laser stimuli as they provide more sensory information

than C-fibers.
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