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Abstract

Background: Infrared laser stimulation is a valuable tool in pain research, its
primary application being the recording of laser-evoked brain potentials (LEPs).
Different types of laser stimulators, varying in their skin penetrance, are likely to
have a large influence on the LEPs, when stimulating different skin types. The
aim of this study was to investigate how LEPs depend on laser type and skin
location.

Methods: Two different laser stimulators (CO, and Nd:YAP) were used to com-
pare LEPs in healthy subjects. Stimuli were delivered to the hand dorsum and
palm to investigate the effects of skin type on the evoked responses. Stimulus-
evoked brain responses were recorded using EEG and perceived intensity ratings
were recorded. Computational modelling was used to investigate the observed
differences.

Results: LEPs evoked by stimulation of the hairy skin were similar between CO,,
and Nd:YAP stimulation. In contrast, LEPs elicited from the palm were markedly
different and barely present for CO, stimulation. There was a significant interac-
tion between laser type and skin type (RM-ANOVA, p <0.05) likely due to smaller
CO, LEPs in the palm. CO, stimuli to the palm also elicited significantly lower
perceived intensities. The computational model showed that the observed differ-
ences were explainable by the laser absorption characteristics and skin thickness
affecting the temperature profile at the dermo-epidermal junction (DEJ).
Conclusions: This study shows that LEP elicitation depends on the combination
of laser penetrance and skin type. Low penetrance stimuli, from a CO, laser, elic-
ited significantly lower LEPs and perceived intensities in the palm.
Significance: This study showed that the elicitation of laser-evoked potentials in
healthy humans greatly depends on the combination of laser stimulator type and
skin type. It was shown that high penetrance laser stimuli are capable of eliciting
responses in both hairy and glabrous skin, whereas low penetrance stimuli barely
elicited responses from the glabrous skin. Computational modelling was used to
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demonstrate that the results could be fully explained by the combination of laser

type and skin thickness.

1 | INTRODUCTION

Cutaneous laser stimulation has been used in pain re-
search for nearly half a century (Mor & Carmon, 1975).
The overriding advantage of laser stimulation is the ability
to deliver stimuli that can reliably activate heat-sensitive
nociceptors in the skin in a phasic fashion, without skin
contact and thus without co-activation of non-nociceptive
afferents.

Historically, the most used laser technology is the CO,
laser (Cruccu et al., 2008; Plaghki & Mouraux, 2003).
Some research labs have developed CO, lasers with ad-
vanced temperature-controlled systems (Churyukanov
et al., 2012; Meyer et al., 1976), which allow highly repeat-
able stimulation and contributed to significantly advanc-
ing our understanding of the thermosensitive nociceptive
system (Churyukanov et al., 2012; Treede et al., 1995).
Besides temperature control, CO, lasers have been com-
bined with scanner head technology to allow the inves-
tigation of complex temporospatial phenomena in the
pain system such as two-point discrimination (Frahm &
Gervasio, 2021), graphestesia (Morch et al., 2010) and di-
rectional discrimination (Frahm et al., 2018). Over time,
different laser technologies have emerged and found their
way into pain research. Another type of laser, whose use
in pain research has increased in recent decades, is the
solid-state laser such as the Nd:YAP (neodymium-doped
yttrium aluminium perovskite) laser (Iannetti et al., 2006;
Perchet et al., 2008). The underlying technology of the
laser (gas, solid-state, diode, etc.) defines the wavelength
of the emitted laser photon. These wavelengths dictate
how the radiation energy from the laser photons is ab-
sorbed and converted into heat within the skin (Cruccu
et al., 2008; Jacques, 1996, 2013). CO, lasers are in the far
infrared spectrum (10.6 pm) and its radiation is absorbed
in the water molecules of the skin, whereas visual and
near-infrared wavelengths, such as argon, diode, Nd:YAP
and thulium lasers, are primarily absorbed in the mela-
nin of the skin. The different absorption profiles cause the
heat distribution to vary significantly. These differences
affect how the heat-sensitive afferents are activated.

Laser stimuli can be used to investigate the nocicep-
tive system both using psychophysical parameters, such
as warm and pain detection thresholds, and intensity
ratings or reaction times to supra-threshold responses.
Electroencephalography (EEG) has been used to record
brain responses to laser stimuli, referred to as laser-evoked
potentials (LEPs). LEPs have been studied extensively in
both patients and healthy subjects, and are recommended

by the EFNS (European Federation of Neurological
Societies) to investigate the function of nociceptive path-
ways in patients, including those suffering from neuro-
pathic pain (Cruccu et al., 2010). Following cutaneous
laser stimuli, the most robust deflection in the EEG sig-
nal is the N2P2 complex, which is largest at the vertex
(Cz). This deflection is believed to originate bilaterally
from the operculo-insular cortex, as well as from the an-
terior cingulate gyrus (Garcia-Larrea et al., 2003; Valeriani
et al., 2012). The N2P2 complex, is preceded by a smaller
component, named the N1, which can be recorded in the
central-temporal areas contralateral to the stimulus when
stimulating the hand (Valeriani et al., 2012). This N1 peak
is typically less robust than the N2P2 (Tannetti et al., 2006;
Truini et al., 2005).

CO, laser stimuli are absorbed very superficially,
meaning that the heat needs to be passively conducted
from the more superficial tissue to where the nociceptors
terminate, typically around the dermo-epidermal junc-
tion (DEJ) (Frahm et al., 2010). This passive conduction
will affect the synchronization of the afferent volley and
therefore the LEPs. CO, laser stimuli are generally forced
to have longer durations than solid-state laser stimuli be-
cause, despite being capable of delivering stimuli as short
as 1ms or shorter, the laser power would have to be very
high to deliver sufficient energy to activate the deeper ter-
minating afferents. Such high-power stimuli would likely
burn the skin as the surface temperature would exceed the
thermal damage threshold. In contrast, the Nd:YAP laser
penetrates deeper and creates a more uniform tempera-
ture across various tissue depths, including those where
the afferents terminate, thus eliminating the need for pas-
sive heat conduction in the tissue to activate the afferents.
Once the temperature at the afferent terminals is suffi-
ciently high, action potentials are initiated.

Since Nd:YAP laser stimuli penetrate deeper than CO,
laser stimuli, one might speculate whether the afferent pop-
ulation being activated is the same for both laser types. A
study by Perchet et al. showed that LEPs from Nd:YAP and
CO, lasers are comparable, but LEPs by Nd:YAP stimuli have
shorter latencies and larger amplitudes (Perchet et al., 2008).
The authors attributed these findings to differences in the
stimulation characteristics. Additionally, studies using cap-
saicin deafferentation have shown that LEPs are reduced
from both Nd:YAP laser stimuli (La Cesa et al., 2018) and
CO, laser stimuli (Mouraux et al., 2010). Both of these stud-
ies only investigated LEPs from the hairy skin, and indicate
that the heat-sensitive afferents activated by Nd:YAP and
CO, laser stimuli appear similar, at least in hairy skin.
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To our knowledge, no studies have yet compared the
LEPs elicited by low-penetrance and high-penetrance
laser stimulation across different skin types and stimu-
lation intensities. Further insights into how the combi-
nation of these stimulus characteristics affect LEPs are
needed to understand the effect each parameter has on the
nociceptor activation. Previous research has shown how
computational modelling can improve our understanding
of cutaneous laser stimuli (Bromm & Treede, 1983; Frahm
et al., 2010, 2020; Haimi-Cohen et al., 1983; Lejeune
et al., 2023; Marchandise et al., 2014). One important
advantage of such models is the ability to simulate in-
tracutaneous temperatures, which govern the activation
of heat-sensitive afferents. It is, therefore, possible to in-
vestigate how different stimulus combinations can acti-
vate skin afferents and do so without placing temperature
probes which inherently affect the thermodynamic prop-
erties of the tissue and likely the activation of the sensory
afferents. Recently, we have investigated how the percep-
tion of laser stimulation depends on the combination of
laser type and skin location (Frahm et al., 2020). In that
study, we developed and experimentally validated a com-
putational model, which allows investigating laser stimuli
applied to different skin locations and with different laser
types.

The aim of the present study was to investigate how
evoked potentials following both low (CO,) and high
(Nd:YAP) penetrance laser stimuli depend on the stimula-
tion site, namely hairy or glabrous skin of the hand palm,
and if computational modelling of the combination of
skin anatomy and stimulation characteristics can explain
observed differences in the evoked responses.

2 | METHODS

2.1 | Participants

Thirteen healthy Caucasian subjects participated in this
study (6 females, mean age 29 +4years). All participants
gave oral and written informed consent before the experi-
ment started. The Helsinki Declaration was respected.
The experiment was approved by the local ethical com-
mittee. During the experiment, the subjects laid in a bed
with a raised headrest and were stimulated at the right
hand. The experiments were conducted in a temperature-
controlled room (21 +1°C).

2.2 | Laser stimulation

Two different laser stimulators were used to deliver
the stimuli, (1) an Nd:YAP laser (E:EN, DEKA) with a

wavelength of 1.34pm and a beam width of 4mm (1/62,
Gaussian), and (2) a CO, laser (Synrad Firestar ti-series,
Synrad) with a wavelength of 10.6 pm and a beam width
of 5.7mm (1/e% Gaussian). For both lasers, two different
intensities were used, one close to the approximate pain
threshold and the other above pain threshold (Frahm
et al., 2020). For the Nd:YAP laser, intensities of 4 and
4.5J (200 and 225W, 20ms duration) were used, corre-
sponding to 31.8 and 35.8J/cm” respectively. For the CO,
laser, intensities of 0.96 and 1.127J (4.8 and 5.6 W, 200 ms
duration) were used, corresponding to 3.8 and 4.4J/cm?
respectively. The stimulation parameters were based on
our previous study as the two intensities were expected to
be perceived at around pain threshold and slightly above
pain threshold when stimulating the hairy skin of the
hand dorsum (Frahm et al., 2020). The same laser stimu-
lation intensities were used both for the dorsum and palm
of the hand. During the laser stimuli, it was ensured that
the laser beam was perpendicular to the irradiated skin
area. The stimulation site was changed slightly after each
stimulus.

2.3 | EEG recordings

The electrical brain activity during laser stimulation was
recorded using electroencephalography (EEG). The EEG
was recorded using a 32-channel setup based on the in-
ternational 10-20 system. The left earlobe was used as
reference and AFz served as the ground. The electrodes
were active, that is, with a preamplification occurring at
each electrode location to reduce contamination by envi-
ronmental noise (gtec). The electrode impedance was kept
below 30k€Q. The data were sampled using a g. HIAMP
amplifier (gtec), with a sampling frequency of 1200Hz
and a 24-bit resolution.

2.4 | Experimental protocol

The experiment was divided into eight blocks. Within
each block, the same combination of laser type, intensity
and stimulation site (dorsum or palm) was delivered. A
total of 30 stimuli were delivered in each block. Between
each stimulus, there was a 15-30s pause. A 2-min break
was held after 15 stimulations in each block. The combi-
nation of laser type, skin site and stimulation intensity
was randomized for each subject. Subjects had a 5min
break between blocks.

To measure the reaction times (RT), subjects were
asked to press a button as soon as the stimulation was per-
ceived. After pushing the button, the subjects had to in-
dicate the perceived intensity on a numerical rating scale
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(NRS) anchored as 0: no perception, 3: pain threshold,
10: maximum imaginable pain. This scale was used as it
was expected that the perceived intensities would be both
below and above the pain threshold (Frahm et al., 2020;
Madden et al., 2019).

2.5 | Computational modelling of
cutaneous laser stimuli

The computational model developed and validated in
our previous study (Frahm et al., 2020) was used in
this study to investigate how the experimental results
(primarily the LEPs) depended on the combination of
laser type and skin type. The model was based on the
Finite Element Method and implemented in COMSOL
Multiphysics 5.4 (COMSOLA/S), using a 2D-axial sym-
metry. The model consisted of three tissue compartments
representing the stratum corneum, the vital epidermis
and the dermis. The model parameters are reported in
Table 1. The model was experimentally validated using
thermographic data from laser stimulation in healthy
human subjects. To allow sufficient thermographic data
for model validation, relative long stimulation dura-
tions, nevertheless considered to be in the range used for
LEP recordings’ range, were used to validate the model
(20ms for Nd:YAP and 200ms for CO,). The initial tis-
sue temperature in the model was set to 35°C. See Frahm
et al., 2020 for more details on the model implementa-
tion. The model was used to simulate the same combi-
nations of laser wavelength, skin type and stimulation
intensities that were used experimentally. For each con-
dition, the maximum nociceptor temperature, defined as
the DEJ temperature; and the tissue volume in the vital
epidermis and dermis, reaching a temperature above Ad
nociceptor threshold (46°C, (Churyukanov et al., 2012))
were extracted. These values were then compared to the
experimental results (LEPs).

TABLE 1 Model parameter used in

the computational model of the laser
i X Stratum corneum
stimulation.

Vital Epidermis

Dermis

c: 1200kg/m’*
p: 38007/ (kg-K)

W

Additionally, the existing model was updated to sim-
ulate shorter CO, laser durations, similar to those of the
Nd:YAP stimulation, that is, 20ms. The 20-ms duration
was used for two stimulation situations, (1) a 20-ms CO,
stimulation reaching a similar surface temperature to the
one used experimentally in this study, and (2) a 20-ms CO,
stimulation reaching a similar nociceptor temperature
(DEJ) to that of the experimental stimulus used in this
study. For the hairy skin, the laser power for the CO, laser
had to be increased to 20.25W to reach the same surface
temperature after 20ms, and to 36.0W to reach the same
DEJ temperature. For the glabrous skin in the palm, the
CO, laser power had to be increased to 22.8 and 52.5W
respectively.

2.6 | Data analysis and statistics

2.6.1 | EEG analysis

The EEG data were analysed offline using EEGlab
(Delorme & Makeig, 2004) on Matlab R2021a
(Mathwork). The EEG was bandpass filtered between
2 and 50Hz (Butterworth, 4th order). Epochs were
extracted based on onset of laser stimulation and seg-
mented from 500 ms before onset to 1s following onset.
Artefacts were removed using artefact subspace recon-
struction (Chang et al., 2020). Data were further pro-
cessed using independent component analysis to remove
artefacts. The epochs were baseline-corrected (baseline:
500ms before stimulation onset). Epochs with ampli-
tude exceeding +100pV were removed. Finally, ep-
ochs were averaged across subjects and conditions. The
N2P2 complex was extracted from the Cz channel, re-
referenced to the average reference. Due to the different
stimulation duration of the two laser types, the window
to determine the LEP components was adjusted differ-
ently for each laser type. For the Nd:YAP, the N2 was

Thermal parameters Optical parameters  Thickness
k: 0.3W (m-K) 1y Nd:YAP: 150m™! Dorsum: 20 pm
¢: 1200kg/m? t1, CO,: 20,000m ™" Palm: 30 pum

p:36007/(kg-k)
k: 0.35W (m-K)

1y Nd:YAP: 225m™" Dorsum: 30 pm

¢: 1200kg/m’* 1, CO,: 75,000m ™ Palm: 100 pm
p:36007/(kg-k)
k: 0.6 W (m-K) tia Nd:YAP: 350m™ 1300 pm

#, CO5: 100,000m ™

Note: Thermal parameters include thermal conductivity, k, specific heat, c and density, p. The optical
parameter include the absorption coefficient, y, and varied with laser type. Tissue thicknesses varied with
skin type, the palm had thicker stratum corneum and vital epidermis.
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extracted in the 150-350 ms window, while for CO, the
window used was 350-550ms. For the P2, the Nd:YAP
window used was 250-500 ms and for CO, the window
was 450-650ms. The N1 peak was extracted from T7 re-
referenced to Fz. The window used to the calculation of
N1 was 100-300 ms for the Nd:YAP laser and 300-500
for the CO, laser.

2.6.2 | Statistical analysis

Both the reaction times and NRS data were analysed using
a three-way repeated measures analysis of variance (RM-
ANOVA). The factors were laser type (Nd:YAP/CO,), skin
(dorsum/palm) and intensity (low and high). Sphericity was
investigated, but according to Mauchly test of sphericity, the
sphericity assumption was violated for both the RT and NRS
data, thus, the Huynh-Feldt correction was applied.

The LEP amplitude and latencies were analysed using
two separate RM-ANOVAs. For the N2P2 amplitude, a
three-way RM-ANOVA was used with factors set as laser
type, skin type and stimulation intensity. Since no N1 LEPs
were observed when stimulating the palm (see Results
section), a two-way ANOVA was used to investigate the
N1 data with factors set as laser type and stimulation in-
tensity. For N2, P2 and N1, the Mauchly test showed that
assumption of sphericity was violated, thus, the Huynh-
Feldt correlation was applied.

(U]
(a) N2P2 - Nd:YAP - Dorsum (b) N2P2 - CO, - Dorsum
“41cz “4rcz
2 2
Zo0 0
2 2
4 4
0 0.5 1 0 0.5 1
(c) N2P2 - Nd:YAP - Palm (d) N2P2 - CO, - Palm
“41cz 4rcz
2 2
Z o0 0 Pwy HMVW
2 2 Low intensity
High intensity
4 4
0 0.5 1 0 0.5 1
Time (s) Time (s)

The RM-ANOVA analysis was made in SPSS 27 (IBM).

To compare the computational model with the exper-
imental data, a Pearson correlation analysis was made
between LEP amplitude (N2P2) and the maximum DEJ
temperature as well as between LEP amplitude (N2P2)
and the tissue volume above A threshold (46°C) (Frahm
et al., 2020). The correlation analysis was made in Matlab
R2021a (Mathworks).

For all analysis, p-values of less than 0.05 were consid-
ered significant.

3 | RESULTS

3.1 | Laser-evoked potentials

The LEPs elicited by Nd:YAP and CO, laser stimuli
were comparable for stimulation of the hairy skin on the
hand dorsum (Figures 1 and 2). For stimuli to the gla-
brous skin in the palm, Nd:YAP stimuli showed reduced
responses compared to the dorsum (Figure 1), whereas
CO, laser stimuli showed barely present responses in
the palm.

Overall, the results show that the N2P2 complex was
more robust (Figure 1) than the N1 peak and exhibited
larger amplitude than N1 (Table 2).

The N1 amplitudes (Figure 1, Table 2) were signifi-
cantly dependent on the laser type (RM-ANOVA, F(12,

m
(a) N1-Nd:YAP - Dorsum (b) N1-CO, - Dorsum
4177 4177
2 2
Z0 0
2 2
4 4
0 0.5 1 0 0.5 1
(c) N1 - Nd:YAP - Palm (d) N1 - CO, - Palm
41717 4
2 2
20 0
2 2 Low intensity
High intensity
4 4
0 0.5 1 0 0.5 1
Time (s) Time (s)

FIGURE 1 Grand average laser-evoked potentials. (I) N2P2 (Cz)—the N2P2 was not significantly dependent on laser type. There was
significant interaction in the N2P2 amplitude between laser types and intensity (RM-ANOVA, F(12, 1)=5.3, p<0.05), but also between laser
type and skin and between skin and intensity (RM-ANOVA, F(12, 1)=14.0, p<0.01). The vertical line in 0s indicates stimulation onset. (IT)
N1 (T7)—the N1 amplitude was significantly dependent on laser type (RM-ANOVA, F(12, 1)=6.1, p<0.05) and intensity (RM-ANOVA,
F(12,1)=9.3, p<0.05). The vertical line in 0s indicates stimulation onset. For N1 the statistical analysis was only made for hand dorsum
stimulation, due to the low amplitude of the response for palm stimulation. (a) Nd:YAP laser stimuli in the hand dorsum, (b) CO, laser
stimuli in the hand dorsum, (c) Nd:YAP laser stimuli in the palm, (d) CO, laser stimuli in the palm.
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(a) Perceived intensity 0 (b) Painful perceptions
8F — — — 100
Low : : : I o
High! ! ! 90 - [N High
T | | -
1 1 1 1
1 _ 1 1 1
- — 1 1
6 1 : 1 : 1 :
1 1 1 1 1 1 —
1 1 1 1 1 1 1
- I 1
st s | o
1 1
" . | . . 8
o4 1 L 1 — 1 g
zZ 1 1 1 o
1 1 1 o
1 1 1 o
3 1 N : 1
1 1
1 1 1
2r T : ] : ;
! 1 1 1
! 1 1 1
1| : 1 I |
1 1 1 1 1 1
1 ! 1 1 1 o 1
1 ! 1 1 1 1
0 1 1 — 1 1 1 1 1 1 1 1
Dorsum Palm Dorsum Palm Dorsum Palm Dorsum Palm
Nd:YAP
Co, Nd:YAP Co,

FIGURE 2 Perceived intensities and number of painful perceptions for different laser type (Nd:YAP/CO,), skin location (dorsum/

palm) and intensity (Low, High). (a) Perceived intensity (NRS) boxplot, the box indicates the 25th and 75th quartiles, the horizontal line

indicates the median, error bars indicate the 5th and 95th quartiles. There was an interaction between laser type and skin site (RM-ANOVA,
F(12,1)=29.6, p<0.001), and between laser and intensity (RM-ANOVA, F(12, 1)=6.8, p<0.05). CO, stimuli in the palm was perceived
significantly lower. The NRS was anchored as 0: perception, 3: pain threshold, 10: maximum imaginable pain. (b) Overall percentage of

painful perceptions. The majority of the high-intensity stimuli were perceived as painful, except for CO, stimuli in the palm.

TABLE 2 Grand average N2P2
and N1 amplitudes of the laser-evoked
potentials (mean + SD).

Nd:YAP - Dorsum
CO, - Dorsum
Nd:YAP - Palm
CO, - Palm

N2P2 N1

High High
Low intensity  intensity Low intensity  intensity
3.7£2.5uV 7.7£51pV  2.0x1.1pV 3.0+1.6pV
6.3+4.3uV 8.4+45uV  29+43puV 3.7+1.7puV
3.9+1.5pV 53+3.0pV. N/A N/A
2.6+1.4pV 3.0+1.2pV - N/A N/A

Note: The N2P2 amplitude was not significantly dependent on laser type. The N1 amplitude was
significantly dependent on both laser type (RM-ANOVA, F(12, 1)=6.1, p<0.05) and intensity (RM-
ANOVA, F(12,1)=9.3, p<0.05). For the N2P2 amplitude, there was a significant interaction between the
laser type and intensity (RM-ANOVA, F(12, 1)=5.3, p<0.05), but also between laser type and skin like
there was an interaction between skin and intensity (RM-ANOVA, F(12, 1)=14.0, p<0.01). Only N1 data
for dorsum were analysed due to no LEP being observed following stimulation of the palm (Figure 1).

1)=6.1, p<0.05) and the intensity (RM-ANOVA, F(12,
1)=9.3, p<0.05).

For the N2P2 amplitude (Figure 1, Table 2), there was
a significant interaction between laser type and stimula-
tion intensity (RM-ANOVA, F(12, 1)=5.3, p<0.05), likely
caused by the fact that higher intensity CO, stimuli in the
palm did not create an increase in LEP amplitude as it is
the case for other combinations of laser types and skin
types. A significant interaction was also observed between
laser type and skin type (RM-ANOVA, F(12, 1)=14.0,
p<0.05) likely caused by the barely present CO, LEPs
when stimulating the palm.

The analysis of the LEP latencies showed that the N1
peak (RM-ANOVA, F(12, 1)=70.5, p<0.001), N2 peak

(RM-ANOVA, F(12, 1)=505.3, p<0.001) and P2 peak
(RM-ANOVA, F(12, 1)=99.7, p<0.001) were all signifi-
cantly depending on laser type (Table 3), where CO, laser
stimuli resulted in significantly delayed LEP component
latencies. However, there were no significant effect of
other parameters.

3.2 | Perceptual characteristics

The perceived intensity reported by the subjects was
significantly dependent on the combination of laser
type, skin site and intensity (Figure 2a). There was an
interaction between laser type and skin site (Figure 3a,
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TABLE 3 Latencies of N2, P2 and N1 peaks during low and high intensities (mean +SD).
Low intensity High intensity
N2 P2 N1 N2 P2 N1
Nd:YAP - Dorsum 233 +66ms 399 + 64 ms 207 +43ms 246 +35ms 387 +56ms 195+39ms
CO, - Dorsum 431+41ms 535+34ms 400+ 66 ms 400+22ms 508 +19ms 380+ 66ms
Nd:YAP - Palm 241 +56ms 391+94ms N/A 249 + 56 ms 368 +70ms N/A
CO, - Palm 414 +53ms 539 +60ms N/A 447 +70ms 555+73ms N/A

Note: For N1, N2 and P2 the latencies were significantly longer for CO, laser stimuli (RM-ANOVA, p <0.001).
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FIGURE 3 Reaction times (a) low intensity, (b) high intensity. Each plot depicts the reaction times of each combination of laser type

(Nd:YAP/CO,) and skin site (dorsum/palm). The vertical full line indicates a 650 ms cut-off between Ad and C fibre-mediated responses.

The vertical dashed line indicates the mean of the reaction times in each condition. There was a significant difference in reaction times
between laser types (RM-ANOVA, F(12, 1)=6.6, p<0.05), skin types (RM-ANOVA, F(12, 1)=59.0, p<0.001) and intensity (RM-ANOVA,

F(12,1)=7.5, p<0.05).

RM-ANOVA, F(12, 1)=29.6, p<0.001), and between
laser type and intensity (Figure 2a, RM-ANOVA, F(12,
1)=6.8, p<0.05). CO, laser stimuli to the palm were
perceived significantly lower than other combinations.
Unsurprisingly, higher intensities resulted in higher
NRS. At the hand dorsum, the perceived intensity for
the low intensity was significantly higher for the CO,
stimuli compared to the Nd:YAP stimuli (RM-ANOVA,
F(12,1)=4.8, p<0.05).

The majority of the high-intensity stimuli were per-
ceived as painful, except for CO, stimulation of the palm
(Figure 2b). For the lower intensity, approximately half
of the stimuli were perceived as painful, however, for
CO, stimuli delivered to the palm, this was less than 20%
(Figure 2b).

The reaction times for CO, stimulation of the palm
were significantly longer than other combinations of
skin location and laser type. Higher intensities generally
resulted in shorter reaction times (Figure 3b). The reac-
tion times to the laser stimulation showed a significant

interaction between laser type and skin type (Figure 3,
RM-ANOVA, F(12, 1)=44.2, p<0.001). There was a sig-
nificant difference in reaction times between laser types
(RM-ANOVA, F(12, 1)=6.6, p<0.05), skin types (RM-
ANOVA, F(12, 1)=59.0, p<0.001) and intensity (RM-
ANOVA, F(12,1)=7.5, p<0.05).

3.3 | Computational results

3.3.1 | Model versus LEPs

Our previous validated computational model was used
to investigate the dependency of LEP parameters on the
stimulation characteristics (laser type, skin location and
intensity). Since the N1 data were less robust compared
to the N2P2, only the N2P2 amplitude was compared to
the model. The comparison between the computational
model and the LEP data showed a good agreement be-
tween the simulated nociceptor temperature and LEP
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(Figure 5b vs. c). Interestingly, the model showed little
agreement between the skin surface temperature and the
LEP amplitude (Figures 5a vs. c and 6c¢).

There was a significant correlation between the LEP
amplitude (N2P2) and the maximum temperature at the
DEJ (Figure 5a, Pearson, p<0.01, r=0.92). Moreover,
there was a significant correlation between LEP ampli-
tude (N2P2) and tissue volume above 46°C but with a
lower correlation coefficient (Figure 5b, Pearson, p <0.05,
r=0.80).

3.3.2 | Simulation of Nd:YAP And CO,
stimulation characteristics

The computational model was also used to compare
Nd:YAP and CO, stimuli of similar duration (20ms).
Shorter CO, stimuli with a similar surface temperature
as used in this study would result in a lower nociceptor
temperature (Figure 6c), likely to be below A8 threshold.
Obtaining a nociceptor temperature like the CO, stimuli
used experimentally would entail reaching a skin surface
temperature of more than 65°C (Figure 6d) in hairy skin.
In glabrous skin, the differences for shorter CO, stimuli
were exacerbated (Figure 6gh) to reach a similar DEJ
temperature during a 20 ms would require a surface tem-
perature in excess of 80°C.

Stimulation with a Nd:YAP laser entails a larger dis-
tribution of the laser energy and thus requires little or
no thermal conduction in the skin before the nocicep-
tors can be activated (Figure 6). The larger penetration
of the Nd:YAP gives a lower thermal gradient in the tis-
sue, resulting in slower cooling after stimulation offset
(Figure 7). The computational model showed that the
tissue temperature remains above A8 nociceptor thresh-
old (46°C) for approx. 1s after stimulation offset during
Nd:YAP stimuli (Figure 7).

4 | DISCUSSION

This study investigated the laser-evoked potentials elic-
ited by stimulation of both hairy and glabrous skin using
Nd:YAP and CO, lasers. The results show that while LEPs
are reliably elicited in the hairy skin using either laser
type, the LEPs and the perceived intensities following
CO, laser stimulation in glabrous skin are significantly
reduced relative to other combinations of laser and skin
type. These differences were investigated using a previ-
ously validated computational model. The model demon-
strated that, whereas Nd:YAP elicits a similar nociception
activation irrespective of skin type, the low-penetrance
CO, laser stimuli activate less nociceptors in glabrous

W

skin. The model predicted that the thicker glabrous skin
prevents the thermal energy from the CO, laser stimulus
from bringing nociceptors to a temperature exceeding
their thermal activation threshold.

4.1 | Laser-evoked potentials—
dependence on stimulation characteristics

Similar to Perchet et al., we found reproducible LEPs for
both CO, and Nd:YAP laser stimuli in hairy skin (Perchet
et al., 2008). Additionally, we showed that the laser-evoked
potentials following cutaneous laser stimulation depend
on the laser wavelength, skin type and stimulation in-
tensity (Figures 1 and 2). The computational modelling
showed that the thinner hairy skin, with more superficially
terminating nociceptors, as found in the hand dorsum, can
be similarly activated by CO, and Nd:YAP stimuli, which
supports the experimental findings. Generally, we found
that the nociceptor activation simulated by the model
(maximum receptor temperature and activated tissue
volume) were both highly predictive of the experimental
LEP amplitudes (Figure 5), however, the best prediction
was found for the maximum receptor temperature at the
dermo-epidermal junction (DEJ). The DEJ temperature
indicates that both laser types are capable of activating A
fibre hand dorsum, while only the Nd:YAP laser stimuli are
capable of activating these receptors in the hand palm. In
the thicker glabrous skin, the nociceptors terminate deeper
(Frahm et al., 2010), meaning that the energy from a low
penetrance laser stimulus, like a CO, laser stimulus, needs
to be conducted through a larger distance before reach-
ing the terminals. This passive heat conduction limits the
potential nociceptor activation. Additionally, the thicker
epidermal layers in glabrous skin (Frahm et al., 2010) also
reduces the conduction of the thermal energy into the skin
due to higher thermal insulation. Overall, these character-
istics create higher surface temperatures for CO, stimuli
in the palm, but lower nociceptor temperatures (Figure 4).
The latter reduces the afferent volley affecting the evoked
potentials (Figures 1 and 2), the perceived intensity
(Figure 2) and the reaction times (Figure 3). On the other
hand, the Nd:YAP laser penetrates deeper into the skin,
meaning that a greater fraction of the thermal energy is
absorbed at nociceptor level, reducing the thermal conduc-
tion needed for nociceptor activation. This was reflected by
the LEPs elicited by Nd:YAP stimuli in the palm, which
were larger than those elicited by CO, stimuli in the palm.
The computational results support these findings and in-
dicate the underlying reason behind the reduced LEPs
from glabrous skin following CO, laser stimuli (Figure 4).
Similar to CO, laser stimuli, contact-heat stimuli using
thermodes to create a very superficial heating of the skin
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that requires passive heat conduction to reach the nocicep-
tors. Contact heat-evoked potentials (CHEPS) in the gla-
brous skin of the palm have been shown to elicit smaller
evoked responses than those elicited from the hairy skin
(Tannetti et al., 2006), further demonstrating the insulation
effect caused by the thicker skin. Like the current study,
Iannetti et al. showed that Nd:YAP elicits comparable
LEPs, irrespective of skin type. A recent study comparing
laser stimuli across skin types also reported a lower degree
of nociceptor activation following CO, laser stimuli in gla-
brous skin (Lefaucheur et al., 2021). The authors reported
that CO, stimuli in glabrous skin only elicited responses
associated with C fibre nociceptors, not Ad nociceptors,
indicating a lower receptor temperature, insufficient to
activate the thermosensitive Ad nociceptors, which have
higher thermal thresholds than C fibres (Churyukanov
et al., 2012; Treede et al., 1995).

The experimental data in this study, both electrophys-
iological (LEPs) and behavioural (NRS and RT), indicate
that the responses seen in the palm following Nd:YAP
stimulation are in accordance with A fibre-mediated re-
sponses, especially for the higher stimulation intensity.
This finding is in agreement with Iannetti et al. (2006)
also showing A fibre responses from the glabrous skin fol-
lowing Nd:YAP stimulation, thus, further demonstrating
that A type II nociceptive fibres are in fact also present in
the palm, and not limited to only hairy skin as previously
suggested by Treede et al. (1995). At the hand dorsum, the
responses following both Nd:YAP and CO, laser stimuli
are also in accordance with A fibre-mediated responses, in
particular for the highest stimulation intensity.

High

The stimulation duration of the laser stimuli differed
between the two laser types in this study. While shorter
CO, stimuli are technically feasible, such durations are
likely to cause skin erythema (Perchet et al., 2008). For
shorter duration CO, laser stimuli, the power output
must be increased to allow sufficient temperature in-
creases at nociceptor level, which increases the risk of
skin damages and erythema (Figure 6). However, longer
stimulus duration can lead to a less synchronized affer-
ent signal, and it is likely to affect the LEPs (Iannetti
et al., 2004). It is therefore possible that the combina-
tion of longer pulse duration and thermal insulation of
the CO, stimuli have further exacerbated the reduced
LEP amplitude observed in the palm, resulting in the
difficulty of eliciting LEPs from the palm using CO,
laser stimuli. Overall, it can also be noted that the LEP
amplitudes observed in this study are lower than what
has been reported in other studies (Truini et al., 2005).
However, this may again be explained by the longer
pulse duration of both lasers. Longer pulse durations
have been shown to increase LEP latencies and decrease
amplitude, particularly for the N1 potential (Iannetti
et al., 2004), which is in agreement with the results
found in this study. Originally, these durations were
chosen to optimally validate the computational model
(Frahm et al., 2020). However, the effect and potential
disadvantages of shorter CO, durations were shown
using the computational model (Figure 6).

The differences in the N2P2 complex between different
combinations of laser and skin types (Figure 1, Table 2)
can be explained by the biophysical characteristics of the

85UBD17 SUOLLILLIOD AIERID 3|qetjdde 3y} Ag pauenob afe safoie WO ‘88N JO S3|nJ o} Akeug1 18Ul U0 8|1 UO (SUORIPUOD-pUE-SWB)/W0D A8 1M AseIq1jBul|uo//:Sdiy) SUORIPLOD PUe SLLB L U1 39S *[e202/TT/50] uo Aiqiauliuo A8|im ‘Ariqi Aisieniun Biogey Ad 26Tz'de/z00T 0T/10p/w0d A3 1M Afeiq 1 Bul|uo//Sdny wouy papeoiumod ‘0T ‘€20 ‘67T2ZEST



FRAHM ET AL.

FIGURE 5 Correlation between LEP amplitudes (N2P2),
indicated as mean +SD, and (a) the simulated maximum
temperature at the DEJ of the simulated tissue, (b) the simulated
tissue volume above Ad threshold (>46°C) and (c) the simulated
maximum surface temperature. There was a significant correlation
for both (a) and (b), but not (c). (a) The black line indicates

the linear correlation between LEP amplitude and nociceptor
temperature (p <0.01, r=0.92). (b) The black line indicates the
correlation between LEP amplitude and tissue volume above
threshold (p <0.05, r=0.80). (c) A linear regression analysis
between LEP amplitude and skin surface temperature showed no
significant relationship (p=0.80, r=—0.11), indicating that skin
surface temperature is not a good predictor of LEP amplitude.
Colours refer to stimulation intensity (black: low intensity, red:
high intensity).

skin and laser absorption. Nonetheless, it is surprising to
see that stimulation of the glabrous skin did not elicit any
detectable N1 potentials (Figure 1, Table 2). Previously,
Nd:YAP stimulation of the palm was shown to elicit reli-
able N1 potentials, though with smaller amplitudes than
in hairy skin (Iannetti et al., 2006). One important differ-
ence that may reduce the Nd:YAP N1 potential from the
glabrous skin could be the longer Nd:YAP stimulation du-
ration (20ms in the present study compared to 4ms used
in previous studies) (Iannetti et al., 2006). In fact, the N1
amplitude has been shown to be reduced for longer stimu-
lus durations (Iannetti et al., 2004). Additionally, it is gen-
erally agreed that the N1 potentials are more difficult to
elicit (Iannetti et al., 2006; Truini et al., 2005), and thus
many LEP studies only report the N2P2 complex.

4.2 | Thermal energy distribution after
cutaneous laser stimuli

As discussed above, the deeper penetration of Nd:YAP
laser stimuli allows a very direct nociceptor activation
without the need for heat conduction as correctly specu-
lated by (Iannetti et al., 2004; Perchet et al., 2008), and
as also supported by our computational model (Frahm
et al., 2020). However, this deeper penetrance of Nd:YAP
laser stimuli heats a tissue volume which has a dramati-
cally different shape compared to that following CO,
stimulation. Due to the circular laser beam, the tissue
volume which is heated by the stimulus will be shaped as
a cylinder (Frahm et al., 2020; Leandri et al., 2006). While
the absorption of a CO, laser stimulus resembles a disk
constrained to the surface of the skin, the distribution
after Nd:YAP stimulation resembles a cylinder extending
deep within the skin (Frahm et al., 2020). The larger dis-
tribution following Nd:YAP stimulation will result in a
lower temperature gradient as a function of depth, which
is likely to lead to a prolonged cooling phase.
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Similar to Leandri et al. (2006), our model demon-
strates how the Nd:YAP cooling period is much longer
than the one following CO, stimuli (Figure 7). This
must be taken into consideration during Nd:YAP laser
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FIGURE 6 Computational comparison of Nd:YAP and CO, stimuli of similar duration (high intensity) in both the dorsum (a-d) and
palm (e-h) of the hand. (a, b, e, f) Simulated surface and DEJ temperature profiles of Nd:YAP and CO, laser stimulation used experimentally
(Nd:YAP duration 20ms, CO, duration 200 ms) in the dorsum and palm respectively. (c, d, g, h) Simulated temperature surface and DEJ to
reach same surface temperature (c, g) and to reach same DEJ temperature (d, h), in the dorsum and palm respectively. Notice in (c) how the
DEJ temperature is likely below Ad threshold, even though the skin surface reaches the same temperature as in (b). This is caused by the
low penetrance of the CO, laser. This effect is further exacerbated for (g) vs. (f) due to the thicker glabrous skin in the palm.
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volume resulting in a prolonged cooling
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w
()}
w
($)}

Time (s)

stimulation, and it would be advisable to have longer
inter-stimulus intervals than those required for CO,
laser stimulation.

4.3 | Limitations

The computational model used in this study was validated
for the same stimulation parameters as used experimen-
tally (Frahm et al., 2020). However, the model was not

Time (s)

validated for the shorter pulse durations for CO, stimula-
tion that were also used in this study. Since the mathe-
matical model was developed and validated across a large
variety of different stimulation parameters such as model
geometry (skin thickness in relation to hairy and glabrous
skin types), stimulation intensity and laser type (wave-
length), it is likely that the model provides valid estimates
of other stimulation characteristics. Previously, we have
developed and validated a similar model approach across
different stimulation for CO, stimuli (Frahm et al., 2010).
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Therefore, it is believed that the additional simulations
can still be considered valid.

5 | CONCLUSION

In this study, we showed how laser-evoked potentials
depend on the stimulation parameters, such as laser
wavelength, skin type and stimulation intensity. These
differences were examined using a previously validated
computational model. The model showed that the ob-
served experimental differences found in both the psy-
chophysical and LEP data, can largely be attributed to
the biophysical properties of the skin and the absorp-
tion characteristics of the different laser wavelength.
Specifically, it was shown that CO, laser stimulation
of the glabrous skin of the hand palm is less capable of
activating nociceptive receptors, likely because of the
thicker skin in the palm and lower CO, laser penetrance.
Additionally to this, the duration of CO, laser stimuli
was also longer than that of the Nd:YAP laser stimuli.
This longer stimulus duration may have further exacer-
bated the reduced responses from the palm. The results
of this study will likely be relevant for future studies in-
vestigating LEPs and show how the stimulus character-
istic affect the LEPs.
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