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Abstract

Objective. Laser-evoked potentials (LEPs) are among the reliable neurophysiological tools to investigate patients with
neuropathic pain, as they can provide an objective account of the functional status of thermo-nociceptive pathways.
The goal of this study was to explore the functioning of the nociceptive afferent pathways by examining LEPs in
patients with chronic whiplash-associated disorders (cWAD), patients with chronic fatigue syndrome (CFS), and
healthy controls (HCs). Design. Case—-control study. Setting. A single medical center in Belgium. Subjects. The LEPs of
21 patients with cWAD, 19 patients with CFS, and 18 HCs were analyzed in this study. Methods. All participants re-
ceived brief nociceptive CO, laser stimuli applied to the dorsum of the left hand and left foot while brain activity was
recorded with a 32-channel electroencephalogram (EEG). LEP signals and transient power modulations were com-
pared between patient groups and HCs. Results. No between-group differences were found for stimulus intensity,
which was supraliminal for Aé fibers. The amplitudes and latencies of LEP wave components N1, N2, and P2 in
patients with cWAD and CFS were statistically similar to those of HCs. There were no significant differences between
the time—frequency maps of EEG oscillation amplitude between HCs and both patient populations. Conclusions. EEG
responses of heat-sensitive Ad fibers in patients with cWAD and CFS revealed no significant differences from the
responses of HCs. These findings thus do not support a state of generalized central nervous system hyperexcitability
in those patients.
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Introduction

A wide variety of chronic pain syndromes, like fibromy-
algia [1] or irritable bowel syndrome [2,3], are frequently
associated with presumed alterations in peripheral and/or
central processing of nociceptive information. One of the
phenomena that is frequently evoked in this context is
central sensitization (CS). CS can be defined as an in-
creased responsiveness of nociceptive neurons in the cen-
tral nervous system to their normal or subthreshold
afferent input [4].

Several questionnaires (e.g., the Pain Sensitivity
Questionnaire [PSQ] [5] or the Central Sensitization
Inventory [CSI] [6]) are available for assessing symptoms
believed to be associated with CS, whereas quantitative
sensory testing (QST) can be used to gain insight into the
sensitivity of different pathways for processing nocicep-
tion [7]. Another option for evaluating sensitization pro-
cesses is an electrophysiological assessment with the use
of laser-evoked potentials (LEPs) [8]. QST is the better
tool for evaluating hyperalgesia and related pain mecha-
nisms, whereas functional abnormalities of the central
nociceptive system are better evaluated with LEPs [9] .

LEPs can be used to conduct a functional evaluation
of the nociceptive afferent pathways. LEP amplitudes are
typically reduced in patients with neuropathic pain,
whereas in patients with a non-neuropathic pain condi-
tion, normal or enhanced LEP amplitudes are observed
[10,11]. The observation that LEPs may be enhanced in
some chronic pain conditions could, at least in part, be
related to CS [10,12]. Up to now, findings regarding
LEPs in patients with enhanced pain sensitivity are incon-
clusive. An increase in LEP amplitude has been docu-
mented in patients with fibromyalgia [13-15] and
chronic tension type headache compared with healthy
controls [16]. However, in a large study with 199
patients with fibromyalgia, a reduced N2-P2 amplitude
was found compared with healthy controls [17]. In
patients with migraine, there was no difference in latency
or amplitude of LEPs compared with controls [18].

In hyperalgesia ascribed to increased sensitivity, LEP
amplitudes are expected to be enhanced [9]. Two fre-
quently diagnosed chronic pain syndromes with presum-
able sensitization of the central nervous system [19,20]
are chronic fatigue syndrome (CFS) and chronic whip-
lash-associated disorders (c(WADs). Ten percent to 50%
of the persons involved in an acute whiplash trauma de-
velop chronic pain and pain-related disability [21-23].
cWAD is a debilitating condition characterized by multi-
ple symptoms such as chronic neck pain, pain in the up-
per limbs, headache, dizziness, tinnitus, concentration
disturbances, sleep difficulties, and fatigue [22-26]. CFS
has a worldwide prevalence ranging from 0.2% to 2.6%
[27] and is defined as a medically unexplained disabling
fatigue that persists for more than six months [28].
Fatigue is often accompanied by a generalized hyperalge-
sia and, more generally, hypersensitivity to a variety of

sensory stimuli, concentration difficulties, postexertional
malaise, and joint pain [29-31].

In patients with cWAD and CFS, hyperalgesia (i.e., in-
creased responsiveness of nociceptive neurons in the cen-
tral nervous system (CNS) would enhance the pain
response to noxious stimuli [32]) to pressure-evoked pain
and electrically evoked pain has been revealed
[19,33,34]. Evidence thus suggests that cWAD and CFS
are associated with functional changes in the central ner-
vous system, including changes that lead to enhanced
responses to nociceptive input [19,35]. However, a real
evaluation of the nociceptive afferent pathways (for
which LEPs are better suited) has not yet been performed
in patients with CFS (chronic pain syndrome with fatigue
as the primary symptom) and ¢WAD (chronic pain syn-
drome). This was the aim of the present study, in which
we recorded LEPs in 21 patients with cWAD, 21 patients
with CFS, and 20 healthy controls. We predicted that, in
both patient groups, increased LEP amplitudes might be
observed, in line with the findings that LEP amplitudes
may be enhanced in patients demonstrating hyperalgesia,
ascribed to increased sensitivity [9]. In addition to char-
acterizing the elicited responses in the time domain, we
also performed a time—frequency analysis to characterize
the transient stimulus—evoked modulations of oscillatory
electroencephalogram (EEG) activity (event-related syn-
chronization and desynchronization) [36].

Methods

Subjects

Twenty-one patients with cWAD, 21 patients with CFS,
and 20 healthy persons participated in the present study
(Table 1). Healthy controls had a median age (interquar-
tile range [IQR]) of 46.8 (27.73-51.21) years. Patients
with ¢WAD and CFS had a median age (IQR) of 45.8
(40.41-51.08) years and 43.9 (35.90-48.41) years, re-
spectively. Thirty-three participants obtained a higher ed-
ucation degree, 20 participants successfully finished
secondary school as their highest education, and three
participants completed primary school. For three partici-
pants, the educational level was not known. All partici-
pants provided written informed consent before
participation. The study was conducted according to the
revised Declaration of Helsinki (1998). The study proto-
col was approved by the Ethics Committee of the
University of Antwerp (approval number
B300201214521).

Patients with cWAD were recruited through advertise-
ment on the website of our research group (Pain in
Motion), from the medical database of the local Red
Cross medical care unit, and from a medical database
obtained from previous studies. The criteria for inclusion
were experiencing chronic symptoms resulting from a
whiplash trauma (e.g., motor vehicle accident or fall) and
fulfilling diagnostic criteria of WAD grade I to III, as
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Table 1. Demographics of all participants, separated by group

CON (N=18) cWAD (N=21) CFS (N=20) P Value
Age,y 46.8 (27.73-51.21) 45.8 (40.41-51.08) 43.9 (35.90-48.41) 0.501*
Sex M: 7 (38.9%) M: 11 (52.4%) M: 2 (10%) 0.0141

F: 11 (61.1%) F: 10 (47.6%) F: 18 (90%)

VAS current pain (0-100), mm 28 (20-53) 49 (19-54.5) 0.508%
VAS last 7 d (0-100), mm 51(35-62) 50 (31.25-61) 0.789%
PCS (0-52) 18.1 (10.69) 17.95 (11.73) 0.967%
BDI (0-63) 11 (10-20.5) 16 (11-22) 0.265%
PDI (0-70) 35 (14.34) 38.9 (11.46) 0.341%
Time since accident, y 4.7 (4.34)

For age, VAS pain and BDI median values with Q1 and Q3 are reported. For sex, the exact counts with percentages are reported. For time since accident, PCS

and PDI mean values with standard deviations are provided.

BDI = Beck Depression Inventory; CFS = chronic fatigue syndrome; CON = controls; cWAD = chronic whiplash-associated disorders; PCS = Pain

Catastrophizing Scale; PDI = Pain Disability Index; VAS = visual analog scale.

*Kruskal Wallis test.
TChi-square test.
*Mann-Whitney U test.
SIndependent # test.
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Figure 1. Study protocol. A visual stimulus of 200 ms preceded
the nociceptive laser stimulus. After 800 ms, a second visual
stimulus was provided. The second visual stimulus was fol-
lowed by a resting period, a movement task, or a calculation
task. In this study, only laser-evoked potentials followed by a
resting period were used. The time interval between two suc-
cessive laser stimuli ranged from 10 to 15 seconds.

defined by the Quebec Task Force classification [23].
Chronicity was defined as complaints persisting for at
least three months. Subjects were excluded if they were
classified as WAD grade IV [23].

Patients with CFS were recruited through advertise-
ment on the website of our research group, via private
physician practices, and from a medical database
obtained from previous studies. Only patients who were
diagnosed by a physician were eligible to participate.
Diagnosis established by the physician was performed
according to the 1994 Centers for Disease Control and
Prevention criteria [28]. This implies that any other medi-
cal condition possibly explaining the debilitating fatigue
and pain was excluded before establishing the diagnosis
of CFS. Hence, all patients within the CFS group under-
went comprehensive cardiovascular, neurological, psy-
chiatric, and hematological screening.

Healthy sedentary control participants were recruited
among the university college staff, family members, and
acquaintances of the researchers. Controls were not
allowed to participate if they ever experienced a whiplash
trauma, suffered from persistent pain or neck-shoulder—
arm symptoms, or had sought medical help for neck-
shoulder—-arm symptoms in the past six months. Healthy
control participants were excluded if they were suffering

from an acute or chronic disease, or when they were
experiencing pain on the day of the assessment.

All participants were asked to discontinue nonopioid
analgesic and anti-inflammatory drugs 48 hours before
testing. This interval was chosen based on ethical consid-
eration and based on the fact that analgesic effects are
mostly limited in time [37]. Participants were instructed
to avoid physical exertion and to refrain from consuming
nicotine, alcohol, and caffeine 24 hours before testing.
Additionally, participants were excluded if they were
pregnant or if they suffered from any cardiovascular or
neurological diseases. Finally, to limit confounding of the
study findings, we strived toward three groups with a
comparable age distribution.

The demographics of the three groups were compared
with Kruskall-Wallis tests and chi-square tests, depend-
ing on the normality and variance of the data.

Procedure

Study participation required one study visit at the
Institute of Neuroscience (Université Catholique de
Louvain, Brussels, Belgium) during which LEPs were
recorded. Before the start of the assessments, patients
with CFS and ¢WAD completed three questionnaires: the
Pain Catastrophizing Scale (PCS), the Beck Depression
Inventory (BDI), and the Pain Disability Index (PDI).
Then, the EEG recording started. Three blocks of 10 laser
stimuli were delivered on the left foot and left hand (ran-
domized order; total number of stimuli = 60). The inter-
stimulus interval ranged between 10 and 15seconds in
order to avoid habituation effects to painful stimulation
[38]. A visual warning signal lasting 200 ms preceded
each laser stimulus and was initiated one second before
stimulus administration (Figure 1). Eight hundred milli-
seconds after the laser stimulus, a second visual signal of
200 ms was delivered. After this second visual stimulus,
participants had a resting period until the next visual
stimulus was delivered. These two visual stimuli were
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presented because, in addition to recording LEPs at rest,
the experiment also included two other conditions in
which LEPs were recorded while participants prepared
for a mental calculation task and a movement task (rais-
ing the right index finger). In these conditions, the first
visual stimulus represented a warning stimulus and the
second visual stimulus an imperative stimulus [39-41].
Only LEPs recorded in the rest condition were analyzed
in this manuscript.

At the end of each block, participants were asked to
rate the intensity elicited by the laser stimuli using a vi-
sual analog scale (VAS) ranging from “no detection”
(VAS = 0) to “maximum pain” (VAS =100). At the mid-
dle of the scale (VAS =350), an anchor marked the bor-
derline between the nonpainful and painful domains of
sensation [42]. Kruskal-Wallis tests were used to com-
pare VAS values between the three groups.

Sample Size Calculation

An a priori sample size calculation was performed for the
whole protocol, based on results from previous studies
[41,43]. For reaching an effect size of 0.5, at least 20 sub-
jects per group (total of 60 subjects) were required to de-
tect a within, between, and interaction effect of repeated-
measures analysis of variance (ANOVA) at the 5% level
with a power of 80%.

Questionnaires

The Pain Catastrophizing Scale questionnaire was used
to measure the level of pain catastrophizing. This ques-
tionnaire consists of 13 pain-related cognition items
scored on a five-point Likert scale (0 =not at all, 4 = all
the time) [44]. Scores >30/52 indicate a clinically rele-
vant level of catastrophizing [45]. The internal consis-
tency, test—retest reliability, and validity are acceptable
[46,47].

The Beck Depression Inventory was used to evaluate
depression in all participants. Total scores range between
0 and 63, with higher scores indicating more severe de-
pression. This questionnaire is a reliable and valid tool
for the assessment of depressive symptoms in chronic
pain patients [48].

The Pain Disability Index provides an indication of
the impact of pain on daily living activities. This ques-
tionnaire consists of seven items scored on an 11-point
Likert scale (0 =no disability, 10 = completely disabled).
Total scores range from 0 to 70, with higher scores indi-
cating higher levels of perceived disability. Differences of
8.5 to 9.5 points are considered clinically relevant [49].
The Dutch version of this questionnaire is a valid tool
with good internal consistency and test—retest reliability
[50].

Total scores on the questionnaires were used in the
analyses. Comparisons between patient groups were
made with independent ¢ tests and Mann-Whitney U tests
depending on the normality and variance of the data.

Laser Stimulation

Laser stimuli were delivered by a CO; laser designed and
built in the Department of Physics (Université Catholique
de Louvain, Louvain-La-Neuve, Belgium) [42]. Stimuli
were applied on the dorsum of the left hand (C6-C7 skin
dermatomes) and left foot (L5-S1 skin dermatomes). For
patients with cWAD, the left foot served as a distant lo-
cation. The CO, laser system generates a highly colli-
mated infrared beam (wave length: 10.6 um). The power
output is continuously adjustable between 1 and 25 W.
Heat pulse duration was 20 ms. The laser beam diameter
was 4 mm. The laser stimulus is highly reproducible (var-
iation <1%). The stimulation site was visualized with a
He-Ne laser beam aligned with the CO, laser beam. To
avoid skin burns and nociceptor fatigue [51], the location
of the impact on the skin was moved slightly between
two successive stimulations. In order to obtain reproduc-
ible LEPs, stimulus intensity was adjusted to elicit a clear
painful pinprick sensation on the left hand. For each sub-
ject, the intensity threshold to elicit detections related to
the activation of AS fibers was determined once (before
applying the 60 stimuli) by measuring the reaction time
to the laser stimulation. A series of increasing and de-
creasing stimulus intensities was given to the participants
on the left hand dorsum. Participants were asked to push
a button as fast as possible when they felt the laser stimu-
lation. Laser stimulus intensity was set at the intensity
that repetitively elicited a sensation detected with a reac-
tion time below 600 ms. With this procedure, the stimu-
lus intensity was supraliminal for A3 fiber activation, as
confirmed by the reaction times compatible with periph-
eral nerve conduction velocities within the range of mye-
linated small fibers.

LEP Recording

Subjects were seated in a comfortable chair in a silent
room. They were asked to relax muscles and gaze at a
light diode. LEPs were recorded from 32 Ag-AgCl scalp
electrodes placed according to the International 10-20
system for electrode positioning and sampled at a sam-
pling rate of 1,000 Hz. The digitized signals were refer-
enced to the average of all scalp electrodes. A bipolar
recording of electro-oculographic (EOG) signals was si-
multaneously measured using surface electrodes placed
diagonally over the right eye to monitor eye-blink arte-
facts. The electrode impedance was kept below 10 kQ
with a target below 5kQ.

Time-Domain Analysis of LEPs

Offline data preprocessing was performed with the
Letswave 6 EEG toolbox (http:/letswave.org). EEG
recordings were filtered (0.3-30 Hz, Butterworth filter)
and segmented into epochs of six seconds (-3 to +3 sec-
onds relative to the laser onset).
Electroculographic artefacts were removed using an inde-
pendent component analysis. Independent components

stimulus
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having a frontal scalp distribution and a time course
compatible with eye-blink artefacts were removed (1-5
ICs). Afterwards, all epochs were visually inspected to re-
move remaining artefacts (* 100pV). Finally, epochs
were baseline-corrected using the time interval from -1.5
to —1 seconds as the reference (i.e., before the onset of the
warning visual stimulus). For each subject, epochs were
averaged according to the location (foot vs hand). LEP
components were identified on the basis of their latency
and polarity and labeled according to Valeriani et al.
[10]. Peak latencies of N2 and P2 component amplitudes
were measured at the vertex (Cz vs average reference
[52]) and defined as the largest negative and positive
deflections between, respectively, 150-350 ms and 300-
500ms [53]. The LEP N1 component was evaluated at
the T8 electrode with the Fz electrode as reference [52]
within a targeted time frame of 100-300 ms poststimulus
[53,54].

The amplitude and latencies of the N1, N2, and P2
waves of LEPs obtained following stimulation of the
hand and foot were compared with two-sample ¢ tests to
evaluate differences in each population vs the control
group. In total, four tests were performed: CON vs CFS
on the hand (1), CON vs CFS on the foot (2), CON vs
cWAD on the hand (3), and CON vs ¢cWAD on the foot
(4). Bonferroni correction was used to account for multi-
ple testing procedures. In addition to comparing latencies
and amplitudes of the N1, N2, and P2 waves of LEPs, we
also compared the entire LEP waveforms obtained in the
different groups using four point-by-point # tests. The
steps are described in van den Broeke et al. [55-57] and
briefly overviewed here. As a first step, LEP waveforms
of two conditions (CFS vs CON and ¢cWAD vs CON)
were compared by point-by-point two-sample ¢ tests.
Then, adjacent samples in time above the critical ¢ value
for parametric two-sided tests were identified and clus-
tered. Additionally, an estimate of the magnitude of each
cluster was calculated by summing the ¢ values constitut-
ing each cluster. Then, a reference distribution of maxi-
mum cluster magnitude was obtained by random
permutation testing (1,000 times) of the LEP waveforms
of the different conditions. The last step entails calculat-
ing the proportion of random partitions that has a larger
cluster-level statistic than the observed one. This analysis
was conducted separately for hand and foot stimulation,
as the latencies of the elicited responses may be expected
to differ when stimulating the hand and foot, because of
the differences in peripheral conduction distance.
Clusters were considered significant if P < 0.01.

Time-Frequency Analysis of LEPs

A time-frequency analysis of the recorded EEG signals
was performed to characterize and compare non-phase-
locked stimulus-induced changes in the power of ongoing
EEG oscillations. A short-time fast Fourier transform
(STFFT) [58] with a fixed Hanning window of 500 ms

was used to express the oscillation amplitude of each sin-
gle trial as a function of time and frequency. The analysis
was performed using the signal recorded at Cz vs average
reference and T8 vs Fz. The obtained single-trial time—
frequency maps were then averaged across trials. The
resulting time—frequency maps represent the average os-
cillation amplitude as a function of time and frequency,
regardless of phase. A baseline correction was then per-
formed using the interval ranging from -1,750 to -
1,250 ms relative to stimulus onset (i.e., before the onset
of the first visual stimulus) to identify decreases (event-re-
lated desynchronization [ERD]) and increases (event-re-
lated synchronization [ERS]) of oscillation amplitude
relative to baseline [59].

Comparison of the time—frequency maps obtained in
the different groups was performed using four point-by-
point # tests to evaluate differences in each patient group
compared with healthy controls. Such as for the time-do-
main analysis of LEP waveforms, this analysis was con-
ducted separately for hand and foot stimulation. Clusters
were considered significant if P < 0.01.

All statistical analyses were performed with Letswave
6 and R Studio, version 0.99.903. Normality was con-
trolled with the Shapiro Wilk test and QQ plots, and

equality of variances was controlled by Levene’s tests.

Results

Group Characteristics and Self-Reported Pain
Twenty-one patients with CFS, 21 patients with cWAD,
and 20 healthy controls participated in this study. Data
from one person with CFS and data from one healthy
control were lost due to recording/processing issues with
the EEG data. One CON participant was excluded after
study participation for the reason that he reported neck
pain (VAS 31) on the day of testing, so all analyses are
based on 18 healthy controls. In the CFS group, one pa-
tient terminated the experiment halfway due to upcom-
ing headache. From this person, only LEP recordings
with foot stimulation were available.

There was a significant sex difference between both
patient groups; two males and 18 females were included
in the CFS group and 11 males and 10 females in the
cWAD group (x*(2) = 8.499, P=0.014). No differences
with the control group (seven males and 11 females)
were found. Participants had a median age of 46.8 years
in the healthy group, 43.9years in the CFS group, and
45.8 years in the cWAD group, without differences be-
tween the groups (x*(2) = 1.381, P=0.501). The two pa-
tient groups reported similar levels of self-reported pain
over the last seven days with a median score (IQR) of 50
(31-61) in the CFS group and 51 (35-62) in the cWAD
group (W=179, P=0.789). Pain catastrophizing scores
(SD) of 18.1 (10.69) and 18.0 (11.73) out of 52 were
found in, respectively, the cWAD and CFS groups (#(38)
= 0.0414, P=0.967). Additionally, no statistically

020z 1udy G| uo Jasn weybuiwlig 10 Asiaaiun Ag 5010285/890eeud/Wd/e601 "0 /10pAdRASqE-801B/auRIpaWUIed/wWoo dnoolwapeoe//:sdiy Woll papeojumod



Goudman et al.

>

Healthy controls
Patients with CFS

amplitude (uY)

y

L Y R - T CHR- N S}
o

&
)
a
&)
)

o

&
LS

C 5 Healthy controls
. Patients with CFS
2

§-1 ah
2. i O g
= 1 W
E'W 1 I\' k
& 1 i ¥
2 ! i
1 i
3 1
1
4 1
]
5 H
Q

Healthy controls
Patients with CFS

amplitude (V)
B a2 W N o= oo Ak b L &
#f%

;;::i

&
&
o=
[

w

1

! Healthy controls
] Patients with CFS
1

1

iy

Wﬂfo\"v,
i

&
fa

amplitude (uV)
L S I
";’%4

0 1 2 3
time is)

Figure 2. Group-level laser-evoked potentials in the time domain, separated by pathology. The two dotted lines represent the onset
of the visual-evoked potentials. The dashed line represents the laser onset. The peaks of the laser-evoked potentials are indicated
on the figure. A) Average waveforms at Cz (vs average reference) for hand stimulation. B) Average waveform at T8 (vs Fz) for hand
stimulation. C) Average waveforms at Cz (vs average reference) for foot stimulation. D) Average waveforms at T8 (vs Fz) for foot

stimulation.

significant differences were found in scores on the PDI
(¢(38) = -0.964, P =0.341), with mean scores (SD) of 35
(14.3) in the cWAD group and 39 (11.5) in the CFS
group. In the cWAD group, a median score of 11 out of
63 was found on the BDI, and in the CFS group, 16 out
of 63 were without between-group differences
(W=141.5, P=0.265). Three patients with cWAD and
one patient with CFS were taking opioids. None of the
healthy participants were taking opioids. Two patients
with ¢WAD indicated that they were not taking pain
medication on the day of the experiment. Group charac-
teristics and self-reported measurements are listed in
Table 1.

AJd Fiber-Related Threshold and Pain Intensity
Ratings

The intensities at which stimuli delivered to the left hand
elicited responses consistently detected with reaction
times <600 ms (IQR) were not significantly different be-
tween the groups (c(WAD 223 [213-237] m] vs CFS 222
[217-229] m] vs controls 228 [224-230] m]; XZ(Z) =
1.313, P=0.519). VAS pain intensity ratings following
laser stimulation between the three groups (IQR) were
not significantly different for stimulating the hand (x*(2)
= 0.659, P=0.719; CON: 46 [17-53], CFS: 48 [25-57],
cWAD: 50 [30-56]) or the foot (x*(2) = 0.273,
P=0.872; CON: 50 [17-53], CFS: 45 [27-59], cWAD:
48 [25-61]).

Time-Domain Analysis of LEPs
Grand average LEP waveforms (averaged across loca-
tions and groups) recorded at the vertex (Cz) and at the
contralateral temporal electrode (T8) are presented in
Figure 2. In all three groups, the laser stimulus elicited a
clear negative—positive complex (N2-P2) maximally at
the scalp vertex. This complex was flanked by additional
responses triggered by the two visual stimuli, which were
presented —1,000 ms before the laser stimulus and 800 ms
after the laser stimulus. The magnitude of the second vi-
sual ERP was considerably reduced as compared with the
first visual ERP in all groups. The N2-P2 complex of
LEPs was preceded by an earlier N1 wave, visible at elec-
trode T8. Visual stimuli have a dominant negative peak
that is highest in the occipital region, whereas the nega-
tive peak for the laser stimulus is highest at the vertex.
The N1 component of the LEP elicited by stimulation
of the hand had an average amplitude (SD) of —4.2 (2.7)
uV with a latency of 229 (60) ms poststimulus (T8). The
N2 was identified at a latency (SD) of 231 (50) ms with
an amplitude of 2.9 (2.6) uV, and the P2 was identified
at 383 (60) ms with an average amplitude of 4.7 (3.0) uV
(Cz). The N2-P2 component had an average peak-to-
peak amplitude (SD) of 7.6 (4.4) uV (Cz). The N1 com-
ponent of the LEP waveform measured on the foot had
an average amplitude (SD) of -3.4 (2.8) uV with a la-
tency of 226 (43) ms poststimulus (T8). The N2 was
identified at a latency (SD) of 235 (57) ms with an ampli-
tude of -3.3 (3.1) uV, and the P2 (SD) was identified at
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Table 2. LEP latencies and amplitudes, separated by group for nociceptive stimulation at the hand and foot

LEP Foot

LEP Hand

ON vs cWAD

C

18) CFS (N =20) cWAD (N=21) CON vs CFS

CON (N

CON vs cWAD

vs CFS

21) CON

19) ¢WAD (N

—18) CFS (N=

CON (N

0.93

0.26
0.33
0.26
0.57

-0.08, P
~1.14, P
0.99, P
1.15, P
0.58, P

0.81
0.56

-0.24, P
-0.58, P

0.95,P=0.35 t

1.30,P=0.20 ¢

=0.27 ¢

-1.13, P

-3.09
-2.92

1.93)
1.93)

-3.89

2.83)
4.77)

-2.7

0.24,P=0.81 -3.17
-4.31

0.31
0.18
0.18
0.16
0.84

~1.02,P
1.35,P
1.38, P
1.42, P
0.20, P

4.72
9.03

=0.50

-0.68, P

=0.26 ¢

~1.15, P

£
t
t

0.27
0.24
0.03

1.13,P =

1.21, P
225, P

-4.67
-2.54

2.75)
2.67)

-3.5
-2.73

2.37)
3.25)

—4.47
-3.41

N1 amp, pV

N2 amp, pV
P2 amp, pVv

5.56
8.97

N2P2 amp, pV
N1 lat, msec

N2 lat, msec

For all parameters, mean values with standard deviations are provided. Both patient groups were compared with healthy controls using ¢ tests.

Amp = amplitude; CFS = chronic fatigue syndrome; CON = controls; cWAD = chronic whiplash-associated disorders; lat = latency.

411 (51) ms with an average amplitude of 4.0 (3.0) pV
(Cz). The N2-P2 component had an average peak-to-
peak amplitude (SD) of 7.2 (5.45) pV (Cz). No differen-
ces could be revealed between LEP parameters on the
foot for controls vs CFS, nor for controls vs ¢cWAD
(Table 2). For stimulation of the hand, only a significant
difference in the latency of the N1 was found between
CON and CFS (#(35) = 2.25, P=0.03). However, this re-
sult did not pass the multiple correction procedure. The
point-by-point analysis of the LEP waveforms revealed
no significant clusters (¢=0, P =1).

Time-Frequency Analysis of LEPs

The grand average time—frequency maps of the amplitude
of ongoing EEG oscillations recorded at the scalp vertex
(Cz) are presented in Figure 3. These maps show marked
increases of low-frequency activity (<8 Hz) when stimu-
lating the hand between —950 and —550 ms (actively eli-
cited by the first visual stimulus) and between 150 and
500 ms poststimulus (actively elicited by the laser compo-
nent). Additionally, a long-lasting decrease of alpha-band
oscillations was observed between —600 and —50 ms and
from 350 ms poststimulus onwards. For stimulation of
the foot, increases of low-frequency activity were
revealed between =920 and —620 ms (visual-evoked activ-
ity) and between 160 ms and 520 ms (laser-evoked activ-
ity). Additionally, decreases of alpha-band oscillations
could be detected between =700 ms and —20 ms and from
370 ms onwards.

Point-by-point comparison could not reveal any sig-
nificant clusters after stimulus onset between healthy
controls and patient populations, nor for LEPs elicited by
stimulation of the hand, nor for LEPs elicited by stimula-
tion of the foot (=0, P =1).

Discussion

Previous reports have revealed signs of hyperalgesia, indi-
cations for central sensitization, and suggestions for func-
tional changes in the CNS in patients with cWAD and
CFS [19,35]. However, the tool that is best suited to ex-
plore the functioning of the nociceptive afferent path-
ways, that is, LEPs, has not yet been used to confirm this
conclusion. This study evaluated the function of nocicep-
tive Ad fibers and their afferent pathways in the central
nervous system (CNS) by measuring laser-evoked brain
potentials elicited by stimulation of the hand and foot in
patients with cWAD, patients with CFS, and healthy con-
trols. Laser stimulation elicited clear LEPs in all three
groups. The responses elicited by laser stimulation were
on average greater when stimulating the hand as com-
pared with the foot, a finding already reported by Truini
et al. [60]. Latencies and amplitudes of the N1, N2, and
P2 waves of LEPs were not significantly different across
the three groups. There were also no significant differen-
ces between the time—frequency maps of EEG oscillation
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Figure 3. Group-level average time—frequency maps for all patients. Visual stimulus onsets (dotted lines) and laser onset (dashed
line) are indicated on the figure. A) Average time—frequency map at Cz (vs average reference) for hand stimulation. B) Average
time—frequency map at T8 (vs Fz) for hand stimulation. C) Average time—frequency map at Cz (vs average reference) for foot stimu-
lation. D) Average time-frequency map at T8 (vs Fz) for foot stimulation.

amplitude between healthy controls and both patient
populations.

Our negative findings are in line with previous studies
showing no differences in LEP latencies in patients with
fibromyalgia [43], chronic tension type headache [16],
temporomandibular disorders [61], and migraine [18]
compared with healthy volunteers.

If a state of CNS hyperexcitability exists in these con-
ditions, it would appear that this state cannot be readily
detected using LEPs. It might thus be that LEPs are not
the most suitable tool to differentiate between healthy
participants and patients with ¢WAD and CFS. Up to
now, there has been no gold standard to determine
whether a patient has central hyperexcitability.
Quantitative sensory testing or the Central Sensitization
Inventory questionnaire can provide us with some indica-
tion, which may be useful to clinicians; however, they
need to be interpreted very cautiously [6,62,63].

In patients with fibromyalgia, some studies have
reported increased amplitudes of the N2 and P2 waves of
LEPs [43,64]. The authors explained these findings as a
consequence of either central sensitization or hypervigi-
lance, defined as a state of exaggerated attention toward
threatening information [14,43,64]. In this study, pain
catastrophizing was measured, which is a construct that
comprises elements of rumination (i.e., an anxious preoc-
cupation with pain and the inability to inhibit pain-
related thoughts and fears), magnification (i.e., the ten-
dency to amplify the significance of pain with respect to
implications for one’s global health), and helplessness
(i.e., despair surrounding perceived inability to control
one’s pain experience) [44,65]. All patients had low levels
of pain catastrophizing, which could possibly explain

why LEPs of similar amplitude were obtained in the three
groups. Nevertheless, the PCS scores are in line with pre-
vious studies [66—68].

Indirect perceptual assessments of the function of the
CNS by measuring pain thresholds have shown hyperal-
gesia to different kinds of painful stimuli (pressure-
evoked pain, electrically evoked pain) in patients with
¢WAD and in patients with CFS [19,33,34].
Hyperalgesia is a typical manifestation of sensitization of
the nociceptive system, including central sensitization,
whereby increased responsiveness of nociceptive neurons
in the CNS would enhance the pain response to noxious
stimuli [32]. Despite this perceptual evidence supporting
a state of sensitization in these patients, we did not ob-
serve any enhancement of the EEG responses elicited by
nociceptive laser stimuli. Because these EEG responses
are triggered by the activation of quickly adapting heat-
sensitive A fibers (AMH-2) [69], our results suggest that
the CNS response to transient input conveyed by AMH-2
is not amplified in these patients. It might be possible
that these results, obtained by specifically targeting the
AS fibers with a methodology based on reaction times,
do not lead to the same conclusion as a protocol that is
based on subjective pain intensity ratings to determine
the intensity of nociceptive stimuli. However, further re-
search is needed to explore this question.

In this study, patients with ¢WAD were included if
they were classified as Quebec Task Force classification
grades I to III, whereby classification degrees I, II, and III
are characterized by, respectively, neck complaints (I)
with musculoskeletal signs (II) and neurological signs
(ITT) [70]. Patients did not undergo new radiographic or
neuroimaging evaluations when they were included in
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the study. Therefore, it might be possible that some
patients demonstrate intradiscal injuries or facet joint-re-
lated issues. However, the potential presence of these
findings presumably does not induce an influence on the
outcome of these patients. A systematic review exploring
factors predicting the outcome after a whiplash trauma
concluded that factors identified as not being associated
with the prognosis of whiplash were postinjury magnetic
resonance imaging (MRI) or radiological findings [71].
Furthermore, a systematic literature review of imaging
features in asymptomatic populations revealed that the
prevalence of disk degeneration in asymptomatic individ-
uals increased from 37% of 20-year-old individuals to
96% of 80-year-old individuals [72], in whom the causal
relationship between radiographic findings and the acci-
dental trauma would be difficult to define. Nevertheless,
in all subgroups (grade 1, 11, III), the neck and/or shoulder
region could be considered the primary affected region.
Consequently, the foot and hand regions serve as remote
or secondary affected regions in these patients, contrary
to patients with CFS, where there is a generalized hyper-
sensitivity. This entails measurements that were con-
ducted on body locations other than the primary affected
region. As previously suggested by Valeriani et al.
(2006), functional changes in the nociceptive system
might differently affect the responses to stimuli delivered
to painful vs nonpainful regions [73].

One of the limitations of this study is that there was no
equal sex distribution, with a male/female ratio in favor of
females in the CFS group. This inequality is in line with
the knowledge that CES primarily affects young women
with a male/female ratio of 1:4, as reported in previous
studies [50,51]. Future studies could expand on possible
sex differences. Additionally, in this study only LEP ampli-
tudes and latencies were evaluated. An evaluation of cere-
bral cortex excitability through habituation could be
performed in future studies to further elucidate the patho-
physiology of cWAD and CFS. Finally, only laser stimuli
supraliminal for Ad fiber activation were used. Future
studies could also incorporate non-nociceptive stimuli in
the protocol and compare relative differences between no-
ciceptive and non-nociceptive stimuli between healthy par-
ticipants and chronic pain patients.

Conclusions

Although previous studies have suggested that a charac-
teristic of patients with cWAD and CFS may be a state of
central sensitization, and although such a state could be
expected to result in an enhancement of the EEG
responses elicited by the selective activation of skin noci-
ceptors, comparison of the EEG responses to the tran-
sient activation of heat-sensitive Ad fiber skin
nociceptors in a group of patients with cWAD and CFS
with those obtained in healthy controls revealed no sig-
nificant differences.
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