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Selective Laser Stimulation of Ad- or C-Fibers Through
Application of a Spatial Filter: A Study in Healthy Volunteers
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Abstract

Background: Pain is perceived through different pathways involving
thinly myelinated Ad-fibers and unmyelinated C-fibers. Ad-fibers are
responsible for a quick, sharp pain, whereas C-fibers relate to a late-
onset, burning sensation. Several studies suggest that it is essential to
investigate nociceptive fibers separately and in relation to each other.
The aim of this study was to selectively stimulate Ad- and C-fibers us-
ing a 980-nm diode laser by varying the laser settings and the stimu-
lated surface area in healthy subjects.

Methods: Selective activation of Ad- and C-fibers is possible using
their distinctive physiological characteristics. We used the differences
in heat activation threshold and surface density to selectively activate
Ad- and C-fibers. Stimuli from a 980-nm diode laser were applied to
44 healthy volunteers. Two different laser settings were applied for
selective stimulation of Ad-fibers (20 ms at 2.7 W) and C-fibers (50
ms at 0.8 W). A spatial titanium filter, containing 40 holes with vary-
ing diameters (0.4, 0.6, 1, and 2 mm), was used to apply the stimuli
with varying surface areas. The test subjects received 80 stimuli in
total and were asked to press a button when the stimulation was felt.
Reaction times between 300 and 650 ms indicate Ad-fiber activation,
whereas reaction times between 650 and 2,000 ms indicate C-fiber
activation.

Results: First, the usage of response time to discriminate between
Ad- and C-fiber activation was validated. Then, the combined use of
the two different stimulation protocols and a spatial filter turned out
to be effective to achieve different probabilities of stimulating Ad- or
C-fibers. With the Ad-protocol and a grid diameter of 2 mm, an A3:C
response ratio of 1.17:1 was reached, and with the C-protocol and a
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grid diameter of 0.4 mm, the Ad:C ratio was 0.05:1.

Conclusions: Our results indicate that cutaneous heat stimuli applied
with a 980-nm diode laser, using a specific stimulation paradigm and
a spatial filter, allow us to selectively activate Ad- and C-fibers. These
findings could serve as a basis for clinical investigation of different
involvements of Ad- and C-fibers in patients suffering from small
fiber neuropathies.

Keywords: Epidermal nerve fibers; Laser; Selective stimulation;
Nerve fiber density

Introduction

Pain is perceived through different pathways involving thinly
myelinated Ad-fibers and unmyelinated C-fibers. Ad-fibers are
thought to be responsible for first or fast pain described as pin-
pricking, whereas activity of C-fibers causes late-onset, burn-
ing pain [1].

Several methods have been utilized to investigate nocicep-
tive fibers separately and in relation to each other. Measure-
ment data on the condition of Ad- and/or C-fibers combined
with patient’s sensations could possibly show objective chang-
es in the nervous system. This is desired to diagnose patients
more specifically regarding different nerve diseases.

The two nociceptive pathways (Ad- and C-fibers) have
distinct anatomical and physiological characteristics. By ex-
ploiting the differences in heat activation threshold [2-4] and
epidermal nerve fiber density [2, 5, 6], it is possible to con-
ceive experimental conditions that allow selective activation
of Ad- and C-fibers.

In this study, we experimentally investigated the feasi-
bility of a spatial filter to selectively stimulate Ad-fibers and
C-fibers using a 980-nm diode laser in healthy subjects. Fur-
thermore, the usage of response time to discriminate between
Ad- and C-fiber activation is validated and the experimentally
determined probability of stimulating Ad- or C-fibers is com-
pared to the theory.

Materials and Methods

Ad- and C-fibers have distinctive anatomical and physiologi-
cal characteristics. These differences are used to selectively
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Figure 1. Probability of Ad- or C-fiber activation at varying laser beam diameters (D), (Equation (1)), derived for the average spa-
tial distribution of Ad- and C-fibers (p,5 = 0.5/mm? and Pc = 5/mm?2 [2]. The error bars represent the probability for the upper and
lower limit of the fiber density Ad-fibers 0.1 - 1/mm? and of C-fibers 2 - 8/mm? [5]. When the density of the nerve fibers changes
due to disease, the curve is expected to shift (e.g., response rates drop).

stimulate Ad- or C-fibers in healthy adults (differences in epi-
dermal nerve fiber density and heat activation threshold), and
to discriminate between primary Ad- and C-fiber activation
(difference in response times).

Differences in epidermal nerve fiber density

Due to the difference in density distribution, the probability of
stimulation differs between C- and Ad-fibers. The epidermal
nerve fiber density of As-fibers is approximately < 1/mm? and
of C-fibers 2 - 8/mm? [5, 7, 8].

When assuming that the spatial distribution of Ad- and C-

—

@ 2.0 mm
@ 1.0 mm
@ 0.6 mm
@ 0.4 mm

fiber receptors has a Poisson distribution with average occur-
rence of p,; = 0.5/mm? and pC = 5/mm?, respectively, then,
the probability that AS- of C-fibers are stimulated is given by
Equation (1) [2].

P[N(A)] = exp(-pA) (Equation (1))

where p is the fiber density and A is the stimulation sur-
face.

For instance, when the laser diameter is infinitely small,
the probability of stimulation is zero, while a very large laser
diameter will result in a stimulation probability of 1. When
calculating the probability of nerve fiber stimulation for dif-
ferent stimulation surfaces, it becomes evident that for certain
diameters, the probability of stimulating a C-fiber differs from

Figure 2. Schematic display of the grid design and measurement set-up.
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the probability of Ad-fiber stimulation. Plaghki and Mouraux
[2] have used this relation to determine the probability of not
activating Ad-fibers, while in this study, the focus is on the
probability of activating Ad- or C-fibers. As can be seen in Fig-
ure 1, when stimulating with a small surface area (diameter < 1
mm), the chance of stimulating C-fibers is theoretically higher
than the chance of stimulating Ad-fibers. This curve is experi-
mentally validated in this study. To increase the probability of
selective Ad- or C-fiber activation, the application of a spatial
filter seems a feasible method based on the differences in epi-
dermal nerve fiber distribution [2, 6].

Spatial filter design

In order to stimulate at varying diameters we designed a spatial
filter. This spatial filter, a 0.1-mm thin titanium plate, measured
40 mm in length and 90 mm in width, and contained 40 holes
with diameters of 0.4, 0.6, 1, and 2 mm (surfaces of 0.13, 0.28,
0.79, and 3.14 mm?, respectively, Fig. 2). The spatial filter was
placed close to the skin (< 1 mm) to reduce the effect of dif-
fraction. The laser beam (2.5 mm diameter) was directed to the
skin, through the holes of the plate. For each stimulation, the
laser beam was directed through one hole at a time.

Heat threshold and laser settings

In this study, a diode laser is used to achieve thermal activa-
tion. Diode lasers have been used in several studies and shown
to reliably activate nociceptive Ad- and C-fibers [2, 9, 10]. The
thermal activation threshold of C-fibers is known to be lower
(£ 40 °C) than that of Ad-nociceptors (46 °C) [3, 4]. Mouraux
and Plaghki showed the absolute detection threshold (7.6 + 2.8
mJ/mm?) can be assumed to reflect the detection threshold of
C-fiber elicited sensations, whereas the average thermal activa-
tion threshold of A§-nociceptors was 10.0 + 1.6 mJ/mm? [11].
Therefore, low intensity laser stimuli can be used to selectively
activate C-fibers, whereas high intensity laser stimuli activate
Ad-fibers [3]. We used two different laser settings to increase
the probability of selectively stimulating Ad- and C-fibers:
20 ms at 2.7 W (11 mJ/mm?) for Ad-fiber stimulation (AS-
protocol), and 50 ms at 0.8 W (8 mJ/mm?) for C-fiber stimula-
tion (C-protocol). In both protocols, a short stimulus duration
(<50 ms) was used to minimize the effect of temporal summa-
tion and heat conduction to surrounding tissue.

Population

Experiments were performed at the clinical neurophysiology
outpatient department on a group of 44 healthy volunteers (21
men and 23 women) aged 28 - 66 (average 40.3 = 12.2 years).
None of the volunteers were taking medications or reported a
(neurological) disease that might affect pain perception. Writ-
ten informed consent was obtained before entering the study
and all subjects were free to withdraw at any time. Partici-
pation in this study was in accordance with the Local Ethics
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Committee (NL48358.100.14).

Measurement protocol

The healthy volunteers were subjected to cutaneous stimuli
from a 980-nm diode laser (Ceralas D15, Biolitec AG) with a
2.5-mm spot size hand piece (Biolitec, Ceramoptec, Germany).
Subjects were positioned on a comfortable bed in a quiet room
kept at 21 - 23 °C, while the light was dimmed. The skin of the
left lower arm (C6 dermatoma) was blackened with East Indian
ink (Pelikan, Hannover, Germany) to reduce superficial light
reflectance of the skin, to reduce light scattering in the skin, to
increase absorption of the laser light and to rule out bias by dif-
ference in skin pigmentation [9, 12]. The laser onset was trig-
gered manually and in silence. Subjects were asked to relax but
focus on the sensation of the laser stimulus. Interstimulus dura-
tion randomly varied between 3 and 6 s. Subjects were asked to
press a button held in the right hand as soon as they perceived
any sensation (pin-prick, burning) within the area of stimula-
tion. Laser safety glasses were worn by everyone in the room.

Laser stimuli were delivered 40 times (10 laser stimuli for
each of the four specific diameters) per protocol. First, stimu-
lations were applied using laser settings according to the C-
protocol, followed by the Ad-protocol.

Response time

The time between the laser stimulus and perception of the
stimulus was recorded as response time. The response time was
used to discriminate between Ad- and C-fiber mediated detec-
tions. Myelinated Ad-fibers are known to have faster conduc-
tion velocities (£ 10 m/s) than unmyelinated C-fibers (£ 1 m/s).
Ad- or C-fiber related activity was defined as a response time
less than 650 ms or between 650 and 2,500 ms, respectively [2,
13, 14]. Response times longer than 2,500 ms were classified as
stimulus not detected. From the number of responses in relation
to the amount of stimuli, the response rate was derived.

Derivation of epidermal nerve fiber density

The equation described by Plaghki (Equation (1)) is not only
used to determine the optimal laser diameter for selective stim-
ulation. As was previously explained, the shape and position of
the curve depend on the fiber density (Fig. 1). By fitting the ex-
ponential function to the experimentally determined response
rate, the fiber density was derived.

Results

First, the usage of response time to discriminate between Ao-
and C-fiber activation is validated. Second, the impact of using
two different stimulation protocols is presented, and the opti-
mal diameter for selective stimulation is determined. Third the
experimentally determined probability of stimulating Ad- or
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Figure 3. Histogram of all response times (Ad-protocol and C-protocol).

C-fibers is compared to the theory.

Validation of the response time cut-off

In Figure 3, a histogram of all response times is shown. A
mixture of two Gaussian distributions can be seen, with peak
responses at 500 and 1,000 ms. The cut-off point lies at 650
ms, which corresponds to the cut-off between Ad- and C-fiber
response times described in literature [2, 13, 14].

Impact of Ad- and C-fiber stimulation protocol and grid
diameter

The overall ratio between Ad- and C-fiber responses is 0.38:1.0
(Fig. 3). When separating the data obtained with the two stim-
ulation protocols, the ratio of A§- and C-fiber responses chang-
es. During C-protocol stimulation, the ratio is 0.29:1.0. During
Ad-protocol stimulation, it is 0.52:1.0. Thus, the Ad-protocol
increases the probability of selective Ad-fiber stimulation.
Besides differences in heat activation threshold, differenc-
es in fiber density were used to achieve selective stimulation
(Table 1). The highest probability of stimulating Ad-fibers is
obtained with the Ad-protocol combined and a grid diameter
of 2 mm. The highest probability of C-fiber stimulation was
obtained with the C-protocol and 0.4 mm grid diameter.

As can be seen in Figure 4, the probability of fiber stimula-
tion changes with a changing diameter. With a grid diameter of
0.4 mm, the highest probability of stimulating a C-fiber (and
no Ad-fiber) was reached.

Experimental validation of the probability of fiber stimu-
lation

A comparison between the theoretical probability of fiber stim-
ulation and the results of our experiments is shown in Figure 4.
The curve of Ad stimulation results from stimulation with the
Ad-protocol and the C-curve from the C-protocol.

The Ad response rate is lower than the theoretical response
rate curve. At higher diameters, an increase in the amount of
Ad-fiber stimulations can be seen.

The C response rate is also lower than the theory curve.
The experimentally determined C response rate only slightly
varies with the variation in grid diameter. The 100% response
rate was not reached.

When Ad- and C-fibers are simultaneously stimulated,
only the quickest sensation is recorded, which belongs to the
Ad-fiber. To compensate, the C-fiber response rate was also
calculated when all A$ responses were excluded (C_), thus
indicating the lower (C) and higher limit (C_ ) of the C re-
sponse rate. As can be seen in Figure 4, the C_ line lies be-
tween the C experiment and C theory curve.

Table 1. Ratio Between Ad- and C-Fiber Stimulation at Different Grid Diameters per Stimulation Protocol

Protocol
Grid diameter Ad C
Ratio Ao:C Stimulations perceived Ratio A6:C Stimulations perceived
0.4 0.08:1.0 48% 0.05:1.0 62%
0.6 0.16:1.0 62% 0.12:1.0 70%
1.0 0.47:1.0 74% 0.30:1.0 81%
2.0 1.17:1.0 83% 0.49:1.0 89%

In total 440 stimulations were given per protocol per diameter.
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By fitting Equation (1) to the data shown in Figure 4, the
fiber density was derived (Table 2). These density estimations
are in the same order of magnitude as described in literature
(A8 < 1/mm? and C 2 - 8/mm?), and the derived density varies
with the grid diameter. The Ad fiber density at 0.4 mm was not
determined as most test subjects had a response rate of zero at
this diameter.

Discussion

Selective stimulation of Ad- and C-fibers was achieved by us-
ing differences in response time, heat sensitivity and fiber den-
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(AO responses are excluded). The median response rates are shown, and the error bars represent the quartiles.

sity. Our results indicate that using 650 ms as a cut-off point
to discriminate between Ad- and C-responses is valid (Fig. 3).
This matches the cut-off described in literature, which is also
650 ms [2, 13, 14]. When examining the response times per in-
dividual in general, two clusters can be seen that represent Ad-
and C-fiber responses. In some individuals, the cut-off point of
650 ms does not correctly separate these clusters, and the argu-
ment could be made that for these individuals, the cut-off point
should be higher or lower. The cause of these individual dif-
ferences and the benefit of choosing individual cut-off points
need to be studied in more detail.

The usage of the two different stimulation protocols com-
bined with the spatial filter has increased the probability of
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Table 2. Derived Density of Ad- and C-Fibers From the Median Response Rate to

Stimulation at Different Grid Diameters

Grid diameter

Density of Ad-fibers, /mm?

Density of C-fibers, /mm?

C corrected
0.4 - 7.29 7.29
0.6 0.37 4.26 4.75
1.0 0.28 1.34 2.80
2.0 0.16 0.32 0.73

selective stimulation of the Ad- or C-fibers. Especially, the us-
age of the C-protocol (50 ms, 0.8 W) combined with a grid di-
ameter of 0.4 mm ensures that the majority of responses result
from C-fiber stimulation (Ad:C response ratio 0.05:1.0). It has
to be noted that four of the 44 test subjects sensed only one
or two stimulations with the C-protocol at 0.4 mm. The us-
age of the Ad-protocol (20 ms at 2.7 W) and 2 mm grid diam-
eter achieves the largest number of Ad responses (Ad:C ratio
1.17:1.0). The Ad response rate can likely be further increased
by increasing the grid diameter as was demonstrated in other
studies [6, 7].

In this study, the theory presented by Plaghki and Mouraux
[2] to determine the probability of not stimulating fibers was
used to determine the probability of selective Ad- or C-fiber
activation.

The results of this study show that the detection rate of
fiber stimulation does not solely depend on the fiber density
and stimulation surface (Fig. 4). Although the fiber density is
instrumental in the detection rate, as was demonstrated by our
success in selectively stimulating Ad- or C-fibers, it is not the
only parameter involved. For instance, the detection rate of C-
fibers is influenced by the presence of Ad-fibers. When both
are stimulated simultaneously, only the Ad-fiber was registered
as the button is only pressed when the first pain was felt. The
actual C-fiber response rate could not be determined with the
current set-up and the results indicate the lower limit of the
C-fiber response rate. By excluding all Ad-responses, we were
also able to show the higher limit (C_ ) of the C response rate.

The derivation of the density from the response rate at
varying grid diameters resulted in an estimated density of 0.2
- 0.4/mm? for the A$-fibers and 0.7 - 7.3/mm? for the C-fibers.
This range in densities occurs because the exponential function
(Equation (1)) used to determine the density does not fit the
experimentally determined curve (Fig. 4). This indicates that
there are additional factors influencing the response rate. For
the C-fibers, the decline in derived density with increasing laser
diameters is also evident in the case where all A§ responses
were excluded (Table 2). A possible explanation is the existence
of an inhibiting effect when multiple nerve endings are simul-
taneously stimulated. As the perceived intensity of the stimula-
tion was not measured, we cannot predict if the sensation could
also be enhanced when several nerve endings are stimulated si-
multaneously. In order to use the response rate and stimulation
surface to accurately derive the nerve fiber density, the other
parameters that influence the response rate need to be known.

Additionally, the predicted response rate of one was not
reached in the experiments. This might be the result of the
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limited focus of the test subjects, or due to desensitization or
habituation caused by the amount of subsequent stimulations.

The response rates and ratios of normal healthy test sub-
jects at varying laser settings and varying grid diameters can
be used to determine changes in the epidermal nerve fibers (Ad
and/or C) of a patient population.

Conclusions

The aim of this study was to selectively stimulate Ad- and C-
fibers using a 980-nm diode laser by varying the stimulated
surface area in healthy subjects.

Our results indicate that cutaneous heat stimuli applied
with a 980-nm diode laser, using a specific stimulation para-
digm and a spatial filter, allow us to selectively activate Ao-
and C-fibers. We recommend using a 50 ms pulse of 0.8 W and
0.4 mm beam diameter for selective stimulation of C-fibers.
For Ad-fibers, a 20 ms pulse, 2.7 W and 2 mm diameter or
larger is recommended. By using these protocols, the highest
probability of selective stimulation was reached with Ad:C re-
sponse ratios of 0.05:1.0 and 1.17:1.0, respectively.

We suspect involvement of other factors influencing the
probability of detection (additional to the fiber density). We
will continue to investigate age- and gender-related differ-
ences.

Furthermore, this study will serve as a basis for an upcom-
ing clinical investigation in the differential involvement of Ad-
and C-fibers in small fiber neuropathies.
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