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Abstract: The effects of acute and chronic intakes of high doses of alcohol on pain perception are well
known, ranging from short-term analgesic effects to long-term sensitization and polyneuropathies.
The short-term analgesic effects of ethanol consumption on subjective pain perception have been
well studied in the literature. Recent advances in neuroimaging allow for an insight into pain-related
structures in the brain, fostering the mechanistic understanding of the processing of nociceptive
input and pain. We aimed to utilize EEG, combined with standardized noxious mechanical/thermal
stimulation and subjective pain testing, to research the effects of acute alcohol intake on nociceptive
processing and pain perception. We recruited 12 healthy subjects in an unblinded cross-over study
design and aimed at achieving a blood alcohol level of 0.1%. Our data revealed a significant reduction
in subjective pain ratings to noxious thermal and mechanical stimuli after alcohol ingestion. Our
EEG data revealed suppressing effects on the cortical structures responsible for processing pain, the
“pain matrix”. We conclude that in addition to its analgesic effects, as expressed by the reduction in
subjective pain, alcohol has a further impact on the “pain matrix” and directly affects the salience to a
nociceptive stimulus.
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1. Introduction

The analgesic properties of alcohol, i.e., ethyl alcohol, are a long-standing belief
and have been studied in the past [1-3]. However, actual study data do not provide
conclusive evidence of a causal relationship between alcohol consumption and analgesic
effects. Experimental studies have yielded inconsistent results, partly due to the presence
of subjective assessment bias. Though some studies have revealed evidence of alcohol-
induced analgesia, the effect size varies greatly and the results are mixed [3,4]. Furthermore,
the comparability of studies is limited by methodological restrictions such as the lack of a
placebo control group, no blinding, or small numbers of subjects [4].

Nevertheless, several possible mechanisms have been proposed. Most of the literature
points towards modifications in neurotransmitters and neuropeptides such as GABA,
glutamate, and endogenous opioids [5]. However, certain authors advocate for indirect
pain mechanisms, like anxiety relief or affective components [6]. Also, it is conceivable that
there are shared neural circuits between chronic pain and alcohol dependence and that pain
conditions influence alcohol consumption by affecting the reward pathways that regulate
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consumption [3]. Unsurprisingly, alcohol is used for the self-management of pain [4,7],
although it is an unsuitable analgesic, having adverse effects such as addiction and illness
in the long term [5]. This is reinforced by the fact that consuming doses of alcohol that
are characterized as “safe drinking” [8] may not be suited to relieve pain; the literature
points towards a minimum blood alcohol level of 0.08% for achieving an analgesic effect [3];
however, this level has been shown to have long-term damaging effects on the body if
consumed chronically [9]. In addition, in the long-term, the chronic use and abuse of
alcohol increases the sensitivity to nociception and leads to hyperalgesia [10], which further
limits its use as an analgesic.

The use of experimental pain paradigms can help determine causality by examining
the effect of measured doses of alcohol on quantifiable pain indices in response to noxious
stimuli [3]. Several studies have investigated the effect of alcohol on subjective pain
perception and the endogenous pain modulation mechanisms [1-4,11]. Given the inherent
subjectivity of self-reported data, electroencephalography (EEG) has emerged as a more
objective method to address these limitations [12]. Since the conscious perception of pain
originates from the nociception of higher brain centers, the neural process of encoding
noxious stimuli can occur without an individual labeling it as “pain” [13]. Conversely,
pain does not always result from the processing of a noxious stimulus [14,15]. While the
activation of nociceptors plays a significant role, pain always requires subjectivity, which
requires consciousness and the ability to evaluate a stimulus or situation [16]. Pain is subject
to modulation across the central nervous system and is influenced by non-nociceptive
aspects of sensory input, along with cognitive and affective/emotional factors.

Therefore, incorporating EEG could greatly enhance our understanding of subjective
ratings of noxious stimuli by providing a means to quantify pain-related brain responses as
a reflection of the processing of such stimuli. Research has shown that increased subjective
pain sensations correspond to a decrease in specific frequency bands within EEG record-
ings [17]. While self-reported subjective pain testing is still viewed as the gold standard in
pain assessment [18], it may not unmask the underlying mechanisms and why alcohol is
sometimes preferred over, or in combination with, other drugs when self-managing pain.
Also, analyses of subjective pain ratings do not allow for an interpretation of whether ob-
served effects are possibly caused directly by alcohol consumption or indirectly by affective
components of alcohol consumption such as anxiety relief.

Human brain imaging using, for example, electroencephalogram (EEG) or functional
magnetic resonance imaging (fMRI) delivers promising tools to research the neuronal
mechanisms of pain. However, the validity of those tools as biomarkers for pain is still
under discussion [19-22]. In any case, while EEG does not serve as an objective biomarker
for pain intensity [20,21,23], it can help uncover processes in the cortical regions responsible
for processing nociceptive information [21,24]. Hence, while still influenced by other factors
such as attention towards the stimulus (stimulus salience), EEG fosters our understanding
with its indirect readout of the processing of nociceptive stimuli [20]. Furthermore, a recent
study researching the acute intake of alcohol using fMRI points towards an effect of acute
alcohol consumption on the reward-, emotion-, and motivation-regulating structures in the
brain, proposing further mechanistic effects at the neuronal level [25].

With our study we aim to provide an insight into the acute effects of alcohol intake
on the cortical structures responsible for processing noxious information, the “pain ma-
trix” [24], using EEG and standardized nociceptive stimulation. For that purpose, we
analyzed the event-related spectral perturbation (ERSP) patterns in the N2P2 EEG response
at the Cz electrode following noxious stimulation. Our aim is to leverage these patterns to
draw conclusions regarding the pain matrix; a network of brain regions that is activated
in response to nociceptive stimuli and contributes to pain perception. It has been utilized
in functional imaging research to identify associations between brain activity and pain
processing [26]. While the precise mechanisms through which alcohol influences pain
perception are still unclear, analyzing the pain matrix could provide valuable insights into
this phenomenon [4].
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We investigate the influence of alcohol on evoked potentials of the sensory cortex
as an interface between nociception and pain processing. We recruited healthy adults
in an unblinded cross-over design study, where one group consumed alcohol until they
reached a calculated blood alcohol level of 0.1%, and the other consumed a placebo drink.
In addition, we tested the subjective pain ratings to our standardized stimuli to verify if we
had achieved a sufficient analgesic effect. In light of recent research indicating a correlation
between individuals’ subjective pain sensation and the extent of central activation, our
hypothesis postulates that the group exposed to alcohol will exhibit reduced activation
levels within the event-related spectral perturbation graphs attributable to the analgesic
properties of alcohol. If alcohol shows suppressive effects on the pain matrix, it may help
to understand why alcohol is often used as an analgesic for pain. This could highlight the
need for promoting alternative treatments for patients that carry fewer negative health
outcomes.

2. Materials and Methods
2.1. Study Protocol and Participants

We recruited healthy male and female volunteers with a minimum age of 18 years
and a maximum age of 35 years. Due to our explorative study approach and the lack of
preliminary research, we did not perform an a priori sample size calculation [27].

The participants had to express their willingness to participate in the study via a
written consent form. The inclusion criterion was experience of consuming alcohol; this
was defined as having consumed at least one standard drink per week on average for the
past three months, but not more than 7 drinks per week (female participants) or 14 drinks
per week (male participants). The exclusion criteria included alcohol or drug abuse in
the past or present, illnesses of the central nervous system, metabolic diseases, an allergic
disposition to alcohol, a known polymorphism in the alcohol dehydrogenase enzyme, or
the current or frequent intake of painkillers or psychotropic medication. A 10-panel drug
test was carried out before each study day: participants who had a positive result for any
of the tested substances were excluded from the study. Female participants also had to
undergo urine-based pregnancy testing (WiduMed hCG Schwangerschafts-Teststreifen,
Rodinghausen, Germany).

Each participant underwent the study flow two times on two different days in a
pseudo-randomized fashion. The study sessions took part in the morning of the respective
day; the subjects were asked to refrain from eating breakfast and drinking anything besides
water as they received a standardized breakfast on-site (5 slices of rusk and 250 g of
full-fat yogurt). Following breakfast, the baseline recordings took place. Afterwards, the
participants consumed either alcoholic beverages with an alcohol content of 10% (v/v),
comprising of pharmaceutical grade ethyl alcohol, carbonated water, lime juice, and brown
sugar (alcohol day) or an equal volume of a placebo drink, where the pharmaceutical grade
ethyl alcohol was not added to the drink (placebo day). The participants were unblinded
to which drink they were consuming as the effects and taste of the drinks would make
a blinding process impossible. The amount of alcohol that was to be consumed on the
alcohol day was calculated according to the Widmark formula [28] to reach the target blood
alcohol level of 0.1% [29]. For this calculation, a Widmark factor (representing the volume
of distribution) of 0.6 was used for the female and 0.7 for the male subjects. Furthermore,
it was assumed that only 70% of the consumed alcohol would be adsorbed (representing
the first-pass effect). The drinks were consumed over a period of 45 min in three tranches,
where one third of the overall volume had to be finished in each respective 15 min. This
was to achieve similar drinking speeds and reduce the typical inter-individual variation in
absorption. After the participants had finished the drinks, a 20 min period passed before
further experimental procedures to allow for alcohol absorption to proceed. Following
this, Block 1 of the testing began with a test of the breath alcohol level using an Alcotest
3000 device (Drager Safety AG & Co., KGaA, Liibeck, Germany). Subsequently, the next
block of noxious stimulation was administered, and blood was drawn immediately after
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the stimulation block was finished to determine the blood alcohol concentration (BAC). We
then waited 60 min between Block 1 and Block 2, and Block 2 and Block 3, respectively, and
again started Block 2/3 by analyzing the breath alcohol level.

Blood sampling was performed directly after each stimulation block to capture the
minimum blood alcohol level at which the stimulation was performed. Blood alcohol
concentrations (BAC) were determined by headspace gas chromatographic analysis of
0.25 mL serum following separation by centrifugation using a validated forensic routine
method [30]. Alcohol serum concentrations were divided by 12.36 (the distribution ratio
between the serum and whole blood) to be expressed as a % in whole blood, which is a
commonly used unit for blood alcohol concentrations. The reliability of this method has
been regularly confirmed by proficiency testing (Arvecon, Walldorf, Germany).

2.2. Standardized Noxious Stimulation

During each of the four blocks, the participants underwent standardized noxious
stimulation consisting of noxious heat using a contact heat stimulator (MEDOC PATHWAY
Pain and Sensory Evaluation System, Medoc Limited, Ramat Yishai, Israel) with 54 °C peak
temperature and noxious mechanical stimulation using a 512 mN pinprick (MRC Systems
GmbH, Heidelberg, Germany). We aimed at recording contact heat-evoked potentials
(CHEPS) and pinprick-evoked potentials (PEP) by stimulating the dorsum of the dominant
hand in each case. Both devices were synchronized with the EEG device viaa +5V TTL
pulse, with the pinprick achieving this via an optical trigger, an LM393 (Texas Instruments,
Dallas, TX, USA), and an ATmega32U4 (Microchip, Chandler, AZ, USA), as described in
the literature [31]. The levels of stimulation energy consisted of a peak temperature of
54 °C during noxious heat stimulation and a force of 512 mN during mechanical pinprick
stimulation; these were chosen as they are above the respective mechanical and heat pain
thresholds in the QST reference data for 15-35-year-old participants [32]. In this way, we
ensured that our stimuli would be described as painful by a healthy participant in our age
group of 18-35 years. Each stimulus was applied 12 times in a randomized pattern over
the stimulation area across the whole dorsum of the hand to avoid habituation. We set the
inter-stimulus interval to 8-12 s for the noxious contact heat stimulation and to 3-5 s for
the noxious mechanical stimulation. We asked the participants to rate each stimulus on
a verbal analog scale (VAS) from 0 to 100, approximately 2 s after each stimulus, where 0
indicated no painful sensation, and 100 indicated the maximum bearable pain.

2.3. EEG Recording and Pre-Processing

We recorded EEG from 64 active electrodes (g.Tec g.SCARABEO and g.Tec g.Hlamp,
Guger Technologies, Schiedlberg, Austria) arranged according to the 10-20 system. The
electrodes were initially referenced to Afz and distributed equally across the scalp. Fol-
lowing the recordings, we used EEGLAB [33] to downsample the EEG to 256 Hz for data
reduction and applied a zero-phase bandpass filter between 1 Hz and 100 Hz. We reduced
the 50 Hz line noise using the EEGLAB plug-in CleanLine and rejected artifacts using
artifact subspace reconstruction (ASR) with a tolerance parameter of 20 [34]. We visually
rejected corrupted channels (i.e., due to defective electrodes) and interpolated the removed
channels by using spherical spline interpolation [35]. The datasets were then re-referenced
to average reference. We then epoched the data from —1 s to +2 s around the onset of each
stimulus and subsequently calculated the event-related spectral perturbation (ERSP) and
the inter-trial coherence (ITC) using EEGLAB’s newtimef-function with a divisive baseline
from —1sto 0's, a resolution in time of 400 points from —1 s to +2 s, and a frequency resolu-
tion of 200 points between the frequencies of 3 Hz and 100 Hz [36,37]. We ran the wavelet
transform portion of the newtimef-function with three cycles at the lowest frequency of
3 Hz and 20 cycles at the highest frequency of 100 Hz and analyzed the data at the electrode
location Cz [31,38,39].
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2.4. Statistics

Due to our small sample size of 12 participants, we used non-parametrical approaches
to describe the statistical differences in our data [40]. To compare the VAS values, we
applied the Friedman test for three or more groups of dependent data. For post hoc testing,
we used the MATLAB (Mathworks Version R2021a. 9.10.0.1602886, Natick, MA, USA)
function multcompare. To test for statistical differences in the EEG, we calculated the area
under the receiver operating characteristics (AUROC) with the 1000-fold bootstrapped 95%
confidence intervals using the MES toolbox for MATLAB [41]. We considered differences
to be significant if the 95% AUROC confidence interval did not include 0.5 [41,42]. The
AUROC effect size reveals a perfect separation between groups or conditions if the value
is either 1 or 0, while a value of 0.5 indicates no separation between the groups [42].
Furthermore, by either being 1 or 0, the AUROC indicates the direction of the effect. In
addition, we rated our AUROC effect size according to a traditional point system; the
range of 1-0.9/0-0.1 is rated as an excellent effect/an excellent separation, between 0.9
and 0.8/0.1 and 0.2 it is rated as a good effect, while a range of between 0.8 and 0.7/0.2
and 0.3 is rated as a fair effect. Everything below this is rated as clinically irrelevant as it
is characterized as being a poor separation [43]. We used statistical approaches that test
dependent data as we compared the same subjects during different study days (groups) and
conditions. Hence, we compared the relative AUROC changes between the two conditions
and compared these to a fixed value of 1 using the auroc function of the MES toolbox [41].
For reasons of comprehensibility when extracting the ERSP values, we have only presented
the maximum ERSP values and their respective 25% and 75% quartiles, as well as the time
and frequency at which they occurred. This approach is not dependent on the chosen
window size when extracting the ERSP data.

To account for multiple comparisons, instead of a common approach of an alpha level
adjustment, we have applied a cluster-based approach as it has been used in the literature
both for 2-dimensional [44,45] and 3-dimensional [46,47] EEG data. We have only reported
results as being significant if they appeared in clusters of at least 3 x 3 pixels in size.

3. Results
3.1. Participants and Alcohol Levels

We recruited twelve participants (seven male, five female) between the ages of 22 and
29 years, with a median age of 25.6 years. The median blood and breath alcohol levels at
the respective recording points are outlined in Table 1. In ten out of twelve participants, the
blood alcohol levels declined between Block 1 and Block 2, while they still increased in two
participants. After Block 2, the blood alcohol levels steadily declined until Block 3 in all
participants.

Table 1. Median blood and breath alcohol levels and their respective 25% and 75% quartiles in
brackets. The arrows indicate that the measurement types are listed in the table row and the
measurement points are listed in the table column.

— Measuring Type

| Measuring Points Breath Alcohol Level (%) Blood Alcohol Level (%)

Baseline: First measuring point 0(0to0) not tested
Block 1: Second measuring point 0.077 (0.073 to 0.090) 0.102 (0.088 to 0.115)
Block 2: Third measuring point 0.068 (0.065 to 0.074) 0.088 (0.083 to 0.094)
Block 3: Fourth measuring point 0.052 (0.048 to 0.056) 0.070 (0.065 to 0.075)

3.2. Subjective Pain Ratings

In Figure 1, we show the median VAS values obtained for all 12 participants as
a median over all 12 trials of noxious stimulation. We compared these values using
Friedman's test. For comprehensibility during post hoc testing, we only show the statistical
comparisons and their respective p values between Block 1 and 3 versus the baseline value.
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Figure 1. Median VAS values of our standardized noxious stimulations in the different groups and

conditions. The upper boxplots represent the VAS values following CHEPS and the lower boxplot
the VAS values following PEP.

3.3. Event-Related EEG Data as Spectral Perturbation

We show the event-related spectral perturbation (ERSP) as a response to our stan-
dardized noxious stimulation with noxious contact heat in Figure 2 and to our noxious
mechanical stimulation with a pinprick in Figure 3. For comprehensibility, we only show
the data and statistics for comparing the Baseline vs. Block 1 as we achieved the highest
median alcohol levels in that block.
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Figure 2. Eventrelated data following noxious contact heat stimulation (CHEPS) as spectral pertur-
bation (ERSP). The gray shaded areas in the statistics panels indicate a response, i.e., either one of
the areas in the respective ERSP patterns exceeded —2/2 dB; statistics were only calculated for those
areas. Areas of interest for further analysis highlighted with a black arrow (early low-frequency
response). A colored pixel in the statistics image indicates statistical significance; the color value
according to the c-axis indicates the AUROC effect size. The EEG data are shown at electrode location
Cz. A0 and PO and A1 and P1 represent block 0 and 1 in the alcohol (A) and placebo (P) groups,
respectively.
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Figure 3. Event-related data following noxious pinprick stimulation (PEP) as a spectral perturbation
(ERSP). The gray shaded areas in the statistics panels indicate a response, i.e., either one of the areas in
the respective ERSP patterns exceeded —2/2 dB; statistics were only calculated for those areas. Areas
of interest for further analysis highlighted with a black (early low-frequency response) and whihte
arrow (late high-frequency response). A colored pixel in the statistics image indicates statistical
significance; the color value according to the c-axis indicates the AUROC effect size. The EEG data
are shown at electrode location Cz. A0 and PO and A1 and P1 represent block 0 and 1 in the alcohol
(A) and placebo (P) groups, respectively.
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On average, our participants elicited a response, i.e., an activation or a deactivation,
which exceeded 2 dB or —2 dB at different points in time and frequencies for the different
stimulation techniques. In general, for CHEPS, we observed most of the responses in the
lower frequency regions, approximately from 1 to 10 Hz between 300 and 500 ms following
stimulus onset (black arrow in Figure 2). For PEP, this lower frequency response had an
earlier onset, approximately 50-150 ms following stimulus onset (black arrow in Figure 3).
In the alcohol group during the baseline recordings, we observed an additional response in
the higher frequency regions from approximately 18 to 24 Hz between 1000 and 1200 ms
following stimulus onset, indicated by a white arrow in Figure 3. We show the maximum
ERSP values with the 25% and 75% quartiles and the corresponding times and frequencies
for the low frequency responses in Table 2.

Table 2. Maximum ERSP values, including the 25% and 75% quartiles in brackets, and the respective
times and frequencies at which the maximum ERSP values occur.

Placebo Alcohol
Power Frequency Time Power Frequency Time
(dB) (Hz) (ms) (dB) (Hz) (ms)
PEP
. 2.94 242
Baseline (0.38 to 3.66) 5.4 129 (0.75 to 4.20) 5.9 129
Block 1 304 54 70 (—Olé() to 49 90
(2.15 to 4.20) 2.33)
CHEPS
. 7.99 7.82
Baseline (3.60 to 9.71) 49 469 (3.07 to 8.79) 4.5 496
8.41 4.53
Block1 310 t0 1023) 35 S12 (2.89 to 5.68) 30 527

For CHEPS, our statistics revealed spots of significance between the Baseline and
Block 1 conditions in the placebo group (PO and P1); the maximum AUROC effect size with
the confidence intervals in square brackets for this comparison was 0.83 [0.58; 1] at 7.9 Hz
and 519 ms, indicating a good effect as per our traditional points system. In total, 215 pixels
were significantly different between the conditions. Subsequently, the statistics between the
Baseline and Block 1 in the alcohol group (A0 and A1) also revealed spots of significance,
with a minimum AUROC value of 0.17 [0; 0.42] at 4.9 Hz and 367 ms, also indicating a
good effect; the pixel count for this statistical difference was 60. As for the inter-group
comparison PO vs. AQ, the spot of significance (41 pixels) had a maximum AUROC value
of 0.75 [0.51; 0.99] at 8.4 Hz and 437 ms, indicating a fair effect. Subsequently, for P1 vs.
A1, the spot of significance (602 pixels) had a minimum AUROC value of 0.08 [0; 0.25] at
10.3 Hz and 469 ms, indicating an excellent separation between the groups.

For PEP, our statistics revealed a significant difference (85 pixels) in the lower fre-
quency regions between conditions PO and P1, with a maximum AUROC value of 0.83
[0.58; 1] at 5.9 Hz and 27 ms, indicating a good effect. Subsequently, the inter-group com-
parison between P1 and Al in the lower frequency regions revealed a significant difference
(208 pixels) with a minimum AUROC value of 0 [0; 0] at 4.7 Hz and 105 ms, indicating a
perfect separation.

4. Discussion

In this study, we demonstrate a significant reduction in subjective pain ratings follow-
ing standardized noxious stimulation in participants who consumed considerable amounts
of alcohol. This acute analgesic effect of alcohol has been shown in the literature [3,4],
while the exact mechanism of action is still being debated [5,11,48]. Our subjective pain
testing was extended with the objective pain signatures extracted from the EEG following
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standardized noxious stimulation. We aimed to explore the effects of acute alcohol intake
on the pain matrix, i.e., the cortical network (including the somatosensory, insular, frontal,
parietal, and cingulate structures) that is responsible for the processing of nociceptive
information in the brain [24].

The increase in power as a response to the stimulus in the placebo group between the
Baseline and Block 1 (PO vs. P1 for both methods of standardized noxious stimulation),
where no intervention took place, may be explained by other salient sensory events since
the recent literature suggests that the pain matrix might not be solely specific to pain [49].
Traditionally, the “pain matrix” refers to the network that presents the intensity and un-
pleasantness of perception caused by a nociceptive stimulus. However, it is important to
note that nociception and pain are not interchangeable as pain can arise in the absence of
nociceptive input, and not every nociceptive input results in subjective pain perception.
Therefore, possible explanations for our findings might be either intra-subject variabil-
ity [20,21,50], adaptive processes of the peripheral nervous system (sensitization) to the
stimulus [51,52], or some kind of learning effect that altered the salience, defined as the
ability of the stimulus to capture the attention of the participant, to the stimulus [20]. The
descriptive observation of an initial increase in subjective VAS ratings in Block 1 within
the placebo group where no intervention took place, followed by a potential habituation
in subsequent blocks, could also support the hypothesis of an influence of affective or
emotional effects (e.g., stimulus salience), which might be further compounded by the
non-blinded study design.

An increase in subjective pain sensation has been associated with a decrease in power
across various frequency bands, especially alpha2, betal, and beta2 [17]. Additionally, a
power decrease appears to indicate an altered pain modulation. The power increase in the
placebo group (PO to P1) as a response to the noxious stimulus could therefore indicate a
decreased subjective pain sensation due to endogenous pain modulation [17]. However,
this cannot be confirmed looking at the subjective VAS ratings, potentially indicating the
benefit of EEG to complement subjective reports.

Interestingly, we observed no increase in ERSP power in the alcohol group from the
Baseline to Block 1 (A0 vs. Al); the power decreased for both types of noxious stimuli, but
only significantly during CHEPS. Although the difference is noticeable in the average EEG
signatures following pinprick stimulation in Figure 2, it is not significantly different. A
comparable trend emerges when contrasting the ERSPs of the alcohol and placebo groups
in block 1 (P1 vs. Al). Notably, the placebo group demonstrates significantly higher power
in the ERSPs within both CHEPS and PEP. This suppression of the pain matrix in the
alcohol group in combination with the significantly reduced VAS ratings may signify the
direct suppressing effects of alcohol on pain and pain modulation [26].

However, as previously stated, a reduction in central activation following noxious
stimuli, like observed in the alcohol group, can also be associated with an augmented
subjective perception of pain [17], but the subjective VAS ratings in the alcohol group
are not consistent with this observation as they show significantly decreased values after
alcohol consumption that do not support an increased pain sensation. This could imply
that while alcohol indirectly suppresses pain perception through affective factors, leading
to lower VAS scores, it also leads to a central deactivation that was associated with higher
subjective pain experience in other subjects. Given the limited spatial resolution of the
EEG and our limited number of subjects, further interpretation is hindered and would be
speculative at this moment. Therefore, a beneficial next step would involve employing a
procedure capable of localizing the observed central phenomena.

The fact that we could only find significant differences in the comparison of the CHEPS
might be explained by the small sample size and our conservative statistical approach.
Furthermore, the available literature suggests that the analgesic effects of alcohol start at a
blood alcohol concentration of 0.08% [3], although two of our participants did not exceed
this level during Block 1 testing. Thus, we propose that if a stimulus sensitization has
occurred, it is counter-acted by alcohol and that the stimulus response in the cortical regions
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representing the “pain matrix” [24] is further suppressed due to additional effects beyond
a simple analgesia, such as a decreased stimulus salience [20]. This is further underlined
when comparing the placebo group to the alcohol group during Block 1 (P1 vs. Al); both
statistics reveal big spots of significant differences with excellent AUROC effect sizes close
to zero (CHEPS) or even a perfect separation in all 12 participants, as per our AUROC
model during the pinprick stimulation. The processing of our standardized noxious stimuli,
when applied a second time after a Baseline recording, is thus significantly suppressed
by the intake of alcohol when comparing the alcohol group with the placebo group. In
addition to those cortical effects, the commonly known analgesic effect is substantiated
by the significant reduction in the subjective pain ratings in our data. As the composition
of the EEG response is a combination of the painfulness of the stimulus and the stimulus
salience, this can either be a result of the reduction in pain, as expressed by the subjective
pain ratings, or be due to a reduction in the salience to the stimulus [20,23,24], as expressed
by our EEG data. Although it is a possibility, we cannot conclude a sensitization to our
nociceptive stimuli from our data between the Baseline and Block 1. Nevertheless, further
research could test if this would also be counter-acted by alcohol, as our data do allow for
this hypothesis to be postulated.

5. Conclusions

We conclude that the acute intake of alcohol also has a suppressing effect on the
activation of pain-related brain structures, the so-called pain matrix, and systems that are
described as the “salience detection system for the body” [24]. A decreased salience may
be understood as a decrease in the intensity and unpleasantness of the perception of our
standardized nociceptive stimuli [24]. Subsequently, it is important to understand that
the pain intensity is not always associated with the strength of the response in the “pain
matrix” [20,24]. In the case of acute alcohol consumption, however, both the pain levels as
per subjective pain ratings and the response of the “pain matrix” are suppressed. Hence, it
is likely that alcohol, in addition to its analgesic properties, has more subtle effects on the
processing of pain in the cortical regions that may not be captured with standardized pain
testing methods alone but that can be unmasked with neuroimaging tools such as EEG.
Consequently, there is a compelling need to sensitize vulnerable patients to alternative,
less-harmful treatment methods. Exploring and promoting these alternatives could prove
valuable in addressing chronic pain without the potential drawbacks associated with
alcohol consumption.

6. Limitations

Our results are limited by the small sample size, unblinded study design, and the intra-
subject fluctuations concerning the pharmacokinetics of orally administered alcohol. In
addition, due to the small sample size, we adhered to a rather conservative non-parametric
statistical approach, which may not have unmasked the full extent of the group differences.

Additionally, precise localization of central effects was unattainable due to the EEG’s
constrained spatial resolution, preventing the assignment of phenomena to specific func-
tional areas. Furthermore, we did not collect any further data on the regularity of alcohol
consumption by our test subjects, which could also have influenced our results as a different
effect on the amount of alcohol can be expected between individuals.

Also, our measurements were conducted on pain-free subjects. Subsequently, ex-
ploring alterations in individuals experiencing pain would be a compelling next phase of
investigation since chronic pain has an impact on central activation and deactivation, as
well as the pain matrix itself.

Author Contributions: Conceptualization, E.D., S.Z., M.R.-R., L.R.E, M.K. (Matthias Kreuzer), S.P--
W., LR.E, M.K. (Madeline Kohlhaas), S.W.T. and M.A.; methodology, M.K. (Matthias Kreuzer),
M.A. and S.Z.; formal analysis, E.D., S.Z.,, M.R.-R., M.A., SW.T. and M.K. (Madeline Kohlhaas);
investigation, M.R.-R., M.A., SW.T,, and E.D.; writing—original draft preparation, E.D. and S.Z.;
writing—review and editing, E.D., S.Z., M.R.-R., M.K. (Madeline Kohlhaas), L.R.F, S.P.-W., LR.E,



Brain Sci. 2023, 13, 1659 11 0f 13

M.K. (Matthias Kreuzer), S.W.T. and M. A ; visualization, E.D. and M. A ; supervision, CW. and M.A;
project administration, C.W. and M.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the budget of the Group for Human Experimental Pain
Models, Fraunhofer ITMP, by a grant from the Johanna-Quandt-Jubilaumsfonds by the Johanna-
Quandt-Stiftung (grant number 4.73.30), and by the Leistungszentrum Innovative Therapeutics
(TheraNova) funded by the Fraunhofer Society and the Hessian Ministry of Science and Art.

Institutional Review Board Statement: The local ethical committee (“Ethik-Kommission des Fach-
bereichs Medizin”) at the Goethe University Hospital Frankfurt approved our study protocol in a
written statement (processing number 2021-478, resolution number 170/21). We preliminarily regis-
tered the study in the WHO-approved clinical study register DRKS (German Clinical Trial Register)
under the trial-ID DRKS00028262 on 28 February 2022. The study conformed to the standards set by
the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from
the correspondence author, upon reasonable request. The data are not publicly available due to
participants’ privacy concerns. The data are stored in protected datasets in our institution.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Woodrow, K.M.; Eltherington, L.G. Feeling no pain: Alcohol as an analgesic. Pain 1988, 32, 159-163. [CrossRef] [PubMed]

2. James, M.F; Duthie, A.M.; Duffy, B.L.; McKeag, A.M.; Rice, C.P. Analgesic effect of ethyl alcohol. Br. . Anaesth. 1978, 50, 139-141.
[CrossRef] [PubMed]

3. Thompson, T.; Oram, C.; Correll, C.U.; Tsermentseli, S.; Stubbs, B. Analgesic Effects of Alcohol: A Systematic Review and
Meta-Analysis of Controlled Experimental Studies in Healthy Participants. . Pain 2017, 18, 499-510. [CrossRef]

4. Horn-Hofmann, C.; Biischer, P; Lautenbacher, S.; Wolstein, J. The effect of nonrecurring alcohol administration on pain perception
in humans: A systematic review. J. Pain Res. 2015, 8, 175-187. [CrossRef] [PubMed]

5. Robins, M.T.; Heinricher, M.M.; Ryabinin, A.E. From Pleasure to Pain, and Back Again: The Intricate Relationship Between
Alcohol and Nociception. Alcohol Alcohol. 2019, 54, 625-638. [CrossRef] [PubMed]

6. Zale, E.L.; Maisto, S.A.; Ditre, ].W. Interrelations between pain and alcohol: An integrative review. Clin. Psychol. Rev. 2015, 37,
57-71. [CrossRef]

7. Riley, J.L.; King, C. Self-report of alcohol use for pain in a multi-ethnic community sample. J. Pain 2009, 10, 944-952. [CrossRef]

8.  Kalinowski, A.; Humphreys, K. Governmental standard drink definitions and low-risk alcohol consumption guidelines in 37
countries. Addiction 2016, 111, 1293-1298. [CrossRef]

9.  Rehm, J. The risks associated with alcohol use and alcoholism. Alcohol Res. Health 2011, 34, 135-143.

10. Cucinello-Ragland, J.A.; Edwards, S. Neurobiological aspects of pain in the context of alcohol use disorder. Int. Rev. Neurobiol.
2021, 157, 1-29. [CrossRef]

11. Horn-Hofmann, C.; Capito, E.S.; Wolstein, J.; Lautenbacher, S. Acute alcohol effects on conditioned pain modulation, but not
temporal summation of pain. Pain 2019, 160, 2063-2071. [CrossRef] [PubMed]

12.  Zis, P; Liampas, A.; Artemiadis, A.; Tsalamandris, G.; Neophytou, P.; Unwin, Z.; Kimiskidis, V.K.; Hadjigeorgiou, G.M.; Varrassi,
G.; Zhao, Y.; et al. EEG Recordings as Biomarkers of Pain Perception: Where Do We Stand and Where to Go? Pain Ther. 2022, 11,
369-380. [CrossRef] [PubMed]

13. Garcia-Larrea, L.; Bastuji, H. Pain and consciousness. Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 87 Pt B, 193-199.
[CrossRef]

14. Garland, E.L. Pain processing in the human nervous system: A selective review of nociceptive and biobehavioral pathways. Prim.
Care 2012, 39, 561-571. [CrossRef] [PubMed]

15. Baron, R.; Binder, A.; Wasner, G. Neuropathic pain: Diagnosis, pathophysiological mechanisms, and treatment. Lancet Neurol.
2010, 9, 807-819. [CrossRef]

16. Apkarian, A.V. Definitions of nociception, pain, and chronic pain with implications regarding science and society. Neurosci. Lett.
2019, 702, 1-2. [CrossRef]

17.  Bunk, S.F; Lautenbacher, S.; Russeler, ].; Muller, K.; Schultz, J.; Kunz, M. Does EEG activity during painful stimulation mirror
more closely the noxious stimulus intensity or the subjective pain sensation? Somatosens. Mot. Res. 2018, 35, 192-198. [CrossRef]

18. Schiavenato, M.; Craig, K.D. Pain assessment as a social transaction: Beyond the “gold standard”. Clin. ]. Pain 2010, 26, 667—676.
[CrossRef]

19. van der Miesen, M.M.; Lindquist, M.A.; Wager, T.D. Neuroimaging-based biomarkers for pain: State of the field and current

directions. Pain Rep. 2019, 4, e751. [CrossRef]


https://doi.org/10.1016/0304-3959(88)90064-4
https://www.ncbi.nlm.nih.gov/pubmed/3362554
https://doi.org/10.1093/bja/50.2.139
https://www.ncbi.nlm.nih.gov/pubmed/341934
https://doi.org/10.1016/j.jpain.2016.11.009
https://doi.org/10.2147/JPR.S79618
https://www.ncbi.nlm.nih.gov/pubmed/25960674
https://doi.org/10.1093/alcalc/agz067
https://www.ncbi.nlm.nih.gov/pubmed/31509854
https://doi.org/10.1016/j.cpr.2015.02.005
https://doi.org/10.1016/j.jpain.2009.03.005
https://doi.org/10.1111/add.13341
https://doi.org/10.1016/bs.irn.2020.09.001
https://doi.org/10.1097/j.pain.0000000000001597
https://www.ncbi.nlm.nih.gov/pubmed/31276454
https://doi.org/10.1007/s40122-022-00372-2
https://www.ncbi.nlm.nih.gov/pubmed/35322392
https://doi.org/10.1016/j.pnpbp.2017.10.007
https://doi.org/10.1016/j.pop.2012.06.013
https://www.ncbi.nlm.nih.gov/pubmed/22958566
https://doi.org/10.1016/S1474-4422(10)70143-5
https://doi.org/10.1016/j.neulet.2018.11.039
https://doi.org/10.1080/08990220.2018.1521790
https://doi.org/10.1097/AJP.0b013e3181e72507
https://doi.org/10.1097/PR9.0000000000000751

Brain Sci. 2023, 13, 1659 12 0f13

20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

Iannetti, G.D.; Hughes, N.P.; Lee, M.C.; Mouraux, A. Determinants of laser-evoked EEG responses: Pain perception or stimulus
saliency? J. Neurophysiol. 2008, 100, 815-828. [CrossRef]

Mouraux, A.; Iannetti, G.D. The search for pain biomarkers in the human brain. Brain 2018, 141, 3290-3307. [CrossRef] [PubMed]
Mouraux, A.; Iannetti, G.D. Nociceptive Laser-Evoked Brain Potentials Do Not Reflect Nociceptive-Specific Neural Activity. J.
Neurophysiol. 2009, 101, 3258-3269. [CrossRef] [PubMed]

Ronga, I; Valentini, E.; Mouraux, A.; Iannetti, G.D. Novelty is not enough: Laser-evoked potentials are determined by stimulus
saliency, not absolute novelty. J. Neurophysiol. 2013, 109, 692-701. [CrossRef] [PubMed]

Legrain, V.; Iannetti, G.D.; Plaghki, L.; Mouraux, A. The pain matrix reloaded: A salience detection system for the body. Prog.
Neurobiol. 2011, 93, 111-124. [CrossRef] [PubMed]

Boissoneault, J.; Stennett, B.; Robinson, M.E. Acute alcohol intake alters resting state functional connectivity of nucleus accumbens
with pain-related corticolimbic structures. Drug Alcohol Depend. 2020, 207, 107811. [CrossRef]

Salomons, T.V.; lannetti, G.D.; Liang, M.; Wood, J.N. The “Pain Matrix” in Pain-Free Individuals. JAMA Neurol. 2016, 73, 755-756.
[CrossRef]

Bacchetti, P.; Deeks, S.G.; McCune, ].M. Breaking free of sample size dogma to perform innovative translational research. Sci.
Transl. Med. 2011, 3, 87ps24. [CrossRef]

Brouwer, I.G. The Widmark formula for alcohol quantification. SAD] 2004, 59, 427-428.

Wunder, C.; Weber, C.; Paulke, A.; Koelzer, S.C.; Holz, E; Toennes, S.W. Endogenous formation of 1-propanol and methanol after
consumption of alcoholic beverages. Forensic Sci. Int. 2021, 325, 110905. [CrossRef]

Wunder, C.; Pogoda, W.; Paulke, A.; Toennes, S.W. Assay of ethanol and congener alcohols in serum and beverages by headspace
gas chromatography/mass spectrometry. MethodsX 2021, 8, 101563. [CrossRef]

Iannetti, G.D.; Baumgartner, U.; Tracey, I.; Treede, R.D.; Magerl, W. Pinprick-evoked brain potentials: A novel tool to assess
central sensitization of nociceptive pathways in humans. J. Neurophysiol. 2013, 110, 1107-1116. [CrossRef] [PubMed]

Magerl, W.; Krumova, E.K.; Baron, R.; Tolle, T.; Treede, R.D.; Maier, C. Reference data for quantitative sensory testing (QST):
Refined stratification for age and a novel method for statistical comparison of group data. Pain 2010, 151, 598-605. [CrossRef]
[PubMed]

Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. ]. Neurosci. Methods 2004, 134, 9-21. [CrossRef] [PubMed]

Chang, C.Y.; Hsu, S.H.; Pion-Tonachini, L.; Jung, T.P. Evaluation of Artifact Subspace Reconstruction for Automatic EEG Artifact
Removal. In Proceedings of the 2018 40th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Honolulu, HI, USA, 18-21 July 2018; pp. 1242-1245. [CrossRef]

Ferree, T.C. Spherical splines and average referencing in scalp electroencephalography. Brain Topogr. 2006, 19, 43-52. [CrossRef]
[PubMed]

Herrmann, C.S.; Rach, S.; Vosskuhl, ].; Struber, D. Time-frequency analysis of event-related potentials: A brief tutorial. Brain
Topogr. 2014, 27, 438-450. [CrossRef]

Grandchamp, R.; Delorme, A. Single-Trial Normalization for Event-Related Spectral Decomposition Reduces Sensitivity to Noisy
Trials. Front. Psychol. 2011, 2, 236. [CrossRef]

Granovsky, Y.; Anand, P.; Nakae, A.; Nascimento, O.; Smith, B.; Sprecher, E.; Valls-Solé, ]. Normative data for A contact heat
evoked potentials in adult population: A multicenter study. Pain 2016, 157, 1156-1163. [CrossRef]

Anders, M.; Anders, B.; Kreuzer, M.; Zinn, S.; Walter, C. Application of Referencing Techniques in EEG-Based Recordings of
Contact Heat Evoked Potentials (CHEPS). Front. Hum. Neurosci. 2020, 14, 559969. [CrossRef]

Mishra, P; Pandey, C.M,; Singh, U.; Keshri, A.; Sabaretnam, M. Selection of appropriate statistical methods for data analysis. Ann.
Card. Anaesth. 2019, 22, 297-301. [CrossRef]

Hentschke, H.; Stuttgen, M.C. Computation of measures of effect size for neuroscience data sets. Eur. J. Neurosci. 2011, 34,
1887-1894. [CrossRef]

Jordan, D.; Steiner, M.; Kochs, E.F.; Schneider, G. A program for computing the prediction probability and the related receiver
operating characteristic graph. Anesth. Analg. 2010, 111, 1416-1421. [CrossRef] [PubMed]

Tape, T.G. Interpretation of Diagnostic Tests. Ann. Intern. Med. 2001, 135, 72. [CrossRef]

Akeju, O.; Westover, M.B.; Pavone, K.J.; Sampson, A.L.; Hartnack, K.E.; Brown, E.N.; Purdon, P.L. Effects of sevoflurane and
propofol on frontal electroencephalogram power and coherence. Anesthesiology 2014, 121, 990-998. [CrossRef] [PubMed]
Kreuzer, M; Stern, M.A.; Hight, D.; Berger, S.; Schneider, G.; Sleigh, ].W.; Garcia, P.S. Spectral and Entropic Features Are Altered
by Age in the Electroencephalogram in Patients under Sevoflurane Anesthesia. Anesthesiology 2020, 132, 1003-1016. [CrossRef]
Lutz, R.; Muller, C.; Dragovic, S.; Schneider, E; Ribbe, K.; Anders, M.; Schmid, S.; Garcia, P.S.; Schneider, G.; Kreuzer, M.; et al. The
absence of dominant alpha-oscillatory EEG activity during emergence from delta-dominant anesthesia predicts neurocognitive
impairment-results from a prospective observational trial. J. Clin. Anesth. 2022, 82, 110949. [CrossRef] [PubMed]

Reiser, J.; Kreuzer, M.; Werner, J.; Saller, A.M.; Fischer, J.; Senf, S.; Deffner, P.; Abendschon, N.; Groll, T.; Grott, A.; et al.
Nociception-Induced Changes in Electroencephalographic Activity and FOS Protein Expression in Piglets Undergoing Castration
under Isoflurane Anaesthesia. Animals 2022, 12, 2309. [CrossRef]

Neddenriep, B.; Bagdas, D.; Contreras, K.M.; Ditre, ].W.; Wolstenholme, ].T.; Miles, M.F.; Damaj, M.I. Pharmacological mechanisms
of alcohol analgesic-like properties in mouse models of acute and chronic pain. Neuropharmacology 2019, 160, 107793. [CrossRef]


https://doi.org/10.1152/jn.00097.2008
https://doi.org/10.1093/brain/awy281
https://www.ncbi.nlm.nih.gov/pubmed/30462175
https://doi.org/10.1152/jn.91181.2008
https://www.ncbi.nlm.nih.gov/pubmed/19339457
https://doi.org/10.1152/jn.00464.2012
https://www.ncbi.nlm.nih.gov/pubmed/23136349
https://doi.org/10.1016/j.pneurobio.2010.10.005
https://www.ncbi.nlm.nih.gov/pubmed/21040755
https://doi.org/10.1016/j.drugalcdep.2019.107811
https://doi.org/10.1001/jamaneurol.2016.0653
https://doi.org/10.1126/scitranslmed.3001628
https://doi.org/10.1016/j.forsciint.2021.110905
https://doi.org/10.1016/j.mex.2021.101563
https://doi.org/10.1152/jn.00774.2012
https://www.ncbi.nlm.nih.gov/pubmed/23678019
https://doi.org/10.1016/j.pain.2010.07.026
https://www.ncbi.nlm.nih.gov/pubmed/20965658
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://www.ncbi.nlm.nih.gov/pubmed/15102499
https://doi.org/10.1109/embc.2018.8512547
https://doi.org/10.1007/s10548-006-0011-0
https://www.ncbi.nlm.nih.gov/pubmed/17019635
https://doi.org/10.1007/s10548-013-0327-5
https://doi.org/10.3389/fpsyg.2011.00236
https://doi.org/10.1097/j.pain.0000000000000495
https://doi.org/10.3389/fnhum.2020.559969
https://doi.org/10.4103/aca.ACA_248_18
https://doi.org/10.1111/j.1460-9568.2011.07902.x
https://doi.org/10.1213/ANE.0b013e3181fb919e
https://www.ncbi.nlm.nih.gov/pubmed/21059744
https://doi.org/10.7326/0003-4819-135-1-200107030-00043
https://doi.org/10.1097/ALN.0000000000000436
https://www.ncbi.nlm.nih.gov/pubmed/25233374
https://doi.org/10.1097/ALN.0000000000003182
https://doi.org/10.1016/j.jclinane.2022.110949
https://www.ncbi.nlm.nih.gov/pubmed/36049381
https://doi.org/10.3390/ani12182309
https://doi.org/10.1016/j.neuropharm.2019.107793

Brain Sci. 2023, 13, 1659 13 0f 13

49. Cauda, F; Costa, T.; Diano, M.; Duca, S.; Torta, D.M. Beyond the “Pain Matrix,” inter-run synchronization during mechanical
nociceptive stimulation. Front. Hum. Neurosci. 2014, 8, 265. [CrossRef]

50. Rosner, J.; Hubli, M.; Hostettler, P.; Scheuren, P.S.; Rinert, ].; Kramer, ].L.K.; Hupp, M.; Curt, A.; Jutzeler, C.R. Contact heat evoked
potentials: Reliable acquisition from lower extremities. Clin. Neurophysiol. 2018, 129, 584-591. [CrossRef]

51. Bove, G.M.; Dilley, A. The conundrum of sensitization when recording from nociceptors. J. Neurosci. Methods 2010, 188, 213-218.
[CrossRef]

52. Jepma, M.; Jones, M.; Wager, T.D. The dynamics of pain: Evidence for simultaneous site-specific habituation and site-nonspecific
sensitization in thermal pain. J. Pain 2014, 15, 734-746. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnhum.2014.00265
https://doi.org/10.1016/j.clinph.2017.12.034
https://doi.org/10.1016/j.jneumeth.2010.02.010
https://doi.org/10.1016/j.jpain.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24768695

	Introduction 
	Materials and Methods 
	Study Protocol and Participants 
	Standardized Noxious Stimulation 
	EEG Recording and Pre-Processing 
	Statistics 

	Results 
	Participants and Alcohol Levels 
	Subjective Pain Ratings 
	Event-Related EEG Data as Spectral Perturbation 

	Discussion 
	Conclusions 
	Limitations 
	References

