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Abstract

Humans experience more stress about uncertain situations than certain situations. How-
ever, the neural mechanism underlying the uncertainty of a negative stimulus has not been
determined. In the present study, event-related potential was recorded to examine neural
responses during the dread of unpredictable pain. We used a cueing paradigm in which pre-
dictable cues were always followed by electric shocks, unpredictable cues by electric
shocks at a 50/50 ratio and safe cues by no electric shock. Visual analogue scales following
electric shocks were presented to quantify subjective anxiety levels. The behavioral results
showed that unpredictable cues evoked high-level anxiety compared with predictable cues
in both painful and unpainful stimulation conditions. More importantly, the ERPs results
revealed that unpredictable cues elicited a larger P200 at parietal sites than predictable
cues. In addition, unpredictable cues evoked larger P200 compared with safe cues at frontal
electrodes and compared with predictable cues at parietal electrodes. In addition, larger
P3b and LPP were observed during perception of safe cues compared with predictable cues
at frontal and central electrodes. The similar P3b effect was also revealed in the left sites.
The present study underlined that the uncertain dread of pain was associated with threat
appraisal process in pain system. These findings on early event-related potentials were sig-
nificant for a neural marker and development of therapeutic interventions.

Introduction

Dread of negative stimulation plays a central role in allowing an individual to prepare for and
prevent aversive outcomes. The acquisition of this ability can be incorporated into a condition-
ing process [1-5] in which participants learn the association between an unconditioned stimu-
lus (a negative stimulation) and a conditioned stimulus (a cue). The majority of previous
evidence [6-8] indicated that perception of unpredictable cues evoked stronger anxiety-like
behaviors than perception of predictable cues. However, few studies [8-13] measured the spe-
cific neural correlates of uncertainty. For example, functional magnetic resonance imaging
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(fMRI) studies showed that dread of unpredictable pain activated brain areas involved in the
affective/cognitive aspects of the pain experience and the selection of proper viscero-sensori-
motor responses [9,10]. Brown et al. (2008) revealed that dread regarding expected heat inten-
sity involved a cortical network commonly associated with attention [11].

In regard to neurophysiological studies, the event-related potential (ERP) technique has
been widely employed to reveal coherent stimulus-related postsynaptic activity in the cortex
with high temporal resolution [14]. Hence, ERP was a useful tool in the on-line examination of
the time course of cortical activation for the dread of unpredictable pain. It was observed that a
stimulus-preceding negativity (SPN) between 1000-2000 ms was more negative after uncer-
tainty compared to certainty prior to experiencing a painful stimulation [15]. However, the
researchers did not investigate whether dread of uncertain pain would be reflected by earlier
brain potentials. Neurophysiological correlates of pain anticipatory processes, particularly dur-
ing very early stages, are very important in the development of therapeutic interventions [16].
Earlier potentials such as P200, P3b or LPP are critical to observing healthy subjects’ attention
and alertness to noxious stimuli at the very beginning of dread. These early ERPs could poten-
tially serve as biomarkers and may be related to cognitive-affective pathways. In contrast, SPN
is usually detected before a painful stimulation, which may be associated with the affective-
motivation anticipation [17]. The amplitudes of SPN may be related to primary sensory corti-
ces and reflect a conservative response tendency. The visual ERP correlates of the emotionality
of stimuli are reflected by a positive component between 200-400 ms (P200) [18]. Previous
studies suggested that stimuli with negative emotionality elicited increased P200 amplitudes
relative to stimuli with positive emotionality [19-20]. Additionally, a larger late positive poten-
tial (LPP) was observed during encoding of pictures signaling threats compared to safety [21].
Weymar et al. [22] and Ma et al. [23] obtained similar results by modulating the (LPP) in antic-
ipation paradigms. Moreover, P3b was sensitive to the arousal value of stimulation, with
smaller amplitudes for unpleasant pictures compared to pleasant pictures at fronto-central
sites [24]. However, it is unknown whether the earlier potentials (P200, P3b, LPP) elicited by
dread of unpredictable pain are different from that of predictable pain.

In the current study, we proposed that stronger negative emotions were spontaneously acti-
vated by uncertainty in the early stage of dread compared to certainty. We used a cueing para-
digm in which predictable cues were always followed by electric shocks, unpredictable cues
were followed by electric shocks at a 50/50 ratio and safe cues were not followed by an electric
shock. Visual analogue scales were presented following the electric shocks to quantify subjec-
tive anxiety levels. We hypothesized that unpredictable cues would spontaneously arouse more
negative emotions, resulting in higher amplitudes of P200 compared to predictable cues. In
addition, we hypothesized that a smaller amplitudes of P3b and LPP were elicited by unpre-
dictable or predictable cues compared with safe cues sites.

Methods
Subjects

Nineteen healthy right-handed subjects were recruited (19 males, mean age = 22.32 years, with
an age range of 20-25 years). Handedness assessment was based on the questionnaire devel-
oped by Annett(1970) [25]. Two datasets were discarded because of excessive artifacts. All par-
ticipants reported normal or corrected-to-normal vision and had no history of neurological or
psychiatric disorders. All subjects provided informed consent, and the study was approved by
the institutional ethical committee of the School of Management at Zhejiang University. All
participants were paid for their participation. Research was carried out according to the princi-
ples of the Declaration of Helsinki.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182489  August 23, 2017 2/12


https://doi.org/10.1371/journal.pone.0182489

@° PLOS | ONE

Dread of uncertain pain: An event-related potential study

Equipment

All visual stimuli were presented on a 19-inch CRT computer monitor (1280%1024 pixels,
60HZ) connected to a 2 GHz Pentium computer. Stimulus presentation and data collection
were controlled by Eprime software. The grey background of monitor was grayscale (R = 128,
G =128, B = 128). The black foreground was used (R = 0, G = 0, B = 0). The visual stimuli
were digitally processed by Adobe Photoshop digital image manipulation software so that each
stimulus had the same luminance (14cd/m2) and root mean square (RMS) contrast. Electric
shocks were supplied by Electron-ESA stimulators. Stimulation electrodes were placed on the
backs of the participants’ left hands. We used an electrical pain stimulus delivered by a novel
bipolar concentric surface electrode (stimulation area: 20 mm?), which predominantly depo-
larizes Ad-fibers placed on the dorsum of the left hand of the subject. The skin was sanitized
before the electrode was attached with tape.

Experimental procedures

Prior to formal experiment, shock intensity was calibrated to find out participants’ maximum
shock intensity. For the calibration process, the threshold was determined by giving pulse
starting from 0 mA. Variation of the voltage was increased by 0.01mA each time. The duration
of a pulse was 1 ms. The shocks were manually controlled by the experimenter. The partici-
pants notified the experimenter that they couldn’t bear it anymore and the current amplitude
was defined as their maximum stimulation intensity.

Each participant was instructed, "when you feel that you absolutely cannot bear any
stronger shock, let us know- this will be set as your maximum. You will receive a shock of
75% of the maximum tolerable voltage in the experiment". The maximum tolerable elec-
tric strength ranged from 9 mA to 21 mA. There was no tissue damage during the test
sessions.

Then, participants sat with the ERP recording and painful stimulation equipments. A cue-
ing paradigm was used in which an electric shock might or might not be administered upon
the presentation of a warning cue. Each trial began with a fixation cross (400-600 ms) in the
center of the screen followed by a blank screen with a duration of 800-1000 ms. Subsequently,
a cue was presented for 1000 ms. For unpredictable trials, the cue was an "?" (Unpredictable
Cue, UC), which was followed by an electric shock at a 50/50 ratio. For predictable trials, the
cue was a "\/" (Predictable Cue, PC), which was always followed by an electric shock. For neu-
tral trials, the cue was an "X" (Safe Cue, SC), which was never followed by an electric shock.
The sequences of conditions were counterbalanced across participants in formal experiments.
The cue picture was seen from a distance of 100 cm in the center and occupied a visual angle
0f 6.27°76.27°. Then, a shock may be administered for 1 ms according to the different condi-
tions. The voltage levels of the shocks were 75% of an individual’s maximum tolerable voltage.
After shocks, the cue stayed at the center of the screen for another 1000 ms. Then, a blank
screen followed for a duration of 800-1000 ms. Visual analogue scales (VAS) (0 to 100; ends
defined as 0: none to 100: very much) were presented for each trial to quantify subjective anxi-
ety levels. Specifically, subjects were instructed, "Tell us how anxious this waiting was." The
VAS disappeared after participants’ responses.

Subjects were informed about all cue-shock pairings prior to the experiment. There were 50
trials for each type of cue. The trial order was pseudorandomized. The experiment consisted of
3 blocks, with 50 trials for each block. The duration of the experiment was approximately 15
min. Prior to the experimental blocks, participants performed one training block in order to
familiarize themselves with the task.
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Electroencephalogram (EEG) recording

The EEG was recorded from a set of 64 Ag/AgCl electrodes according to the 10/20 system. The
EEG was recorded in DC mode. The time constant of amplifier was 10s. ERP was filtered
online with a bandpass of 0.05-100 Hz. The sampling rate was 500 Hz using the Neuroscan
Synamp2 Amplifier (Neuroscan Labs, Sterling, VA, USA). The EEG eletrodes were on-line ref-
erenced to the left mastoid; and the right mastoid was actively recorded. Data were re-refer-
enced offline to the average of both mastoids. The ground electrode was placed on the medial
frontal location. The vertical electrooculogram (EOG) was recorded with electrodes placed on
the supra-orbital and infra-orbital locations of the left eye. The horizontal EOG was recorded
from electrodes on the outer canthi of both eyes. Electrode resistance was kept below 5KQ).

ERP data analysis

The ERP data, time-locked to the onset of cue pictures prior to painful stimulation, were ana-
lyzed offline. Neuroscan 4.3.1 software was used for EEG pre-processing. The ERP data were
epoched from -200 to 1000 ms. Before averaging, trials with eye movement artifacts as well as
peak-to-peak deflections exceeding +80 pv were excluded. After exclusion of the trials with
artifacts, the mean number of available trials per participant was 44 in UC conditions, 41 in
PC conditions and 39 in SC conditions. The ERP was filtered offline with a low-pass filter of
30Hz (24dB/octave) with zero phase shift. Brain potentials were aligned to a 200 ms baseline.

We selected the following 9 electrodes for statistical analysis: F3, C3, P3 (left sites); Fz, Cz,
Pz (midline sites); F4, C4, P4 (right sites). The latency window for P200 in the present study
was similar to those used by Gole et al. [7], yielding 200-260 ms. The time window of P3b
employed in the study was 400-700 ms. The time window of LPP was 700-1000 ms. Within
each time window, the averaged potentials were fed into within-participant repeated measures
of analysis of variance (ANOVA). ANOVA factors were Cue (UC, PC and SC), Caudality
(frontal, central and parietal sites) and Laterality (left, midline and right sites). In the primary
post-hoc analysis, we used post-hoc tests of repeated-measure to compare the differences in
the LPP, P200 and P3b per the 3 Caudality levels. We also performed other post-hoc analyses
to examine the mean difference per Cue and Laterality levels. The mean difference was signifi-
cant at the 0.05 level. The statistical software was SPSS. The degree of freedom of the F-ratio
was corrected according to the Greenhouse-Geisser method. Effect sizes were given as Cohen’s
d values.

Results
Behavioral results

To control the influence of perceived pain on anxiety ratings, we divided UC trials into UC-
with shock and UC-without shock trials. We used 2 (Cue: predictable or unpredictable) x 2
(Stimulation: painful or unpainful) repeated-measures ANOVA to analyze the ratings. The
analysis revealed a significant main effect of Cue, F(1,16) = 85.69, p < 0.001 (two-tailed), effect
size = 2.31, and a main effect of Stimulation, F(1,16) = 39.23, p < 0.001(two-tailed), effect
size = 1.56. There was a significant interaction effect between Cue and Stimulation, F(1,16) =
45.74, p < 0.001(two-tailed), effect size = 1.69. Post-hoc analyses found that anxiety ratings
following the painful stimulation with participants in the unpredictable cue conditions
(mean = 65.01, S.E. = 5.11) were significantly higher than participants in predictable cue con-
ditions (mean = 60.79, S.E. = 5.79) (p = 0.04). A similar result was shown that anxiety ratings
following the unpainful stimulation with participants in the unpredictable cue conditions
(mean = 63.98, S.E. = 4.81) were significantly higher than participants in predictable cue
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Fig 1. Mean subjective anxiety level ratings for cues (UC-with shock, UC-without shock, PC, SC). The
x-axis indicates independent variables: UC-with shock, UC-without shock, PC versus SC. The y-axis indicates
the mean anxiety level ratings by all subjects (mean+S.E.). Error bars depict the standard errors.
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conditions (mean = 15.12, S.E. = 3.11) (p < 0.001). Thus, cue images were effective in moder-
ating anxiety levels. The results are shown in Fig 1.

ERP results

As shown in Fig 2, the ANOVA results revealed that for the P200 time window, there was no
significant main effect of Cue (F(2,32) = 2.35,p = 0.11,two-tailed,effect size = 0.38). However, a
significant interaction effect between Cue and Caudality (F(4,64) = 3.20, p = 0.04, two-tailed,
effect size = 0.45) was observed. Post-hoc comparisons revealed that P200 amplitudes were
larger in unpredictable cue condition (mean = 3.20, S.E. = 1.00) compared with those in safe
cue conditions (mean = 2.22,S.E. = 0.85) (p = 0.05) at frontal electrodes. Also, P200 amplitudes
were larger in unpredictable cue conditions (mean = 4.01, S.E. = 0.62) compared to those in
predictable cue conditions (mean = 3.13,S.E. = 0.73) (p = 0.029) at parietal electrodes. We
found no significant interaction effect between Cue and Laterality (F(4,64) = 1.28, p = 0.29,
two-tailed, effect size = 0.28), nor significant interaction effect among Cue, Caudality and
Laterality (F(8,128) = 1.46, p = 0.18, two-tailed, effect size = 0.30). The amplitudes of P200 at
nine sites are shown in Table 1.

As for P3b, no main effect of Cue (F(2,32) = 1.53, p = 0.23, two-tailed, effect size = 0.31) was
found. However, a significant interaction effect between Cue and Caudality (F (4,64) = 9.29,
corrected p<0.001, two tailed, effect size = 0.76) was observed. In addition, we found a signifi-
cant interaction effect between Cue and Laterality (F(4,64) = 3.25, p = 0.017, two-tailed, effect
size = 0.45) and a significant interaction effect among Cue, Caudality and Laterality (F(8,128)
=2.39, p = 0.019, two- tailed, effect size = 0.38). Post-hoc analyses demonstrated that safe cues
(mean = 2.75,S.E. = 1.20) elicited a more positive P3b than predictable cues (mean = 0.90,S.E.
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Fig 2. Grand-averaged ERP waveforms at nine electrodes evoked by cue pictures. The black line
indicates ERP waveforms evoked by UC, the long-dashed line illustrates ERP waveforms elicited by SC, the
short-dashed line shows ERP waveforms in the PC condition. The x-axis indicates the time scale, which is
marked in intervals of 200 ms. The time scale started 200 ms pre-stimulus onset. The y-axis indicates the
amplitudes, which are marked in intervals of 2uv.
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=1.28) (p = 0.006) at frontal sites. In addition, safe cues (mean = 4.91,S.E. = 0.99) elicited
larger P3b than predictable cues (mean = 3.35, S.E. = 1.03) at central electrodes (p = 0.01). As
regard to the interaction effect between cue and laterality, we observed that larger amplitudes
of P3b elicited by safe cues (mean = 2.97, S.E. = 0.88) were significant than those elicited by
predictable cues (mean = 1.58, S.E. = 0.89) at left sites (p = 0.008). The P3b differences between
predictable cues and safe cues were not significant at right sites and middle sites (all p > 0.05).
There were no significant differences of P3b between predictable and unpredictable cues at
any laterality (all p > 0.05). The amplitudes of P3b between unpredictable cues and safe cues
were also not significant at any laterality (all p > 0.05). The amplitudes of P3b at nine sites are
shown in Table 2.

As regard to LPP, there was no main effect of Cue (F(2,32) = 3.05, p = 0.06, two-tailed, effect
size = 0.44). However, an interaction effect between Cue and Caudality was recorded (F(4,64)
=3.62, p = 0.03, two-tailed, effect size = 0.48). Post-hoc analyses indicated that the amplitudes
of LPP were largest in safe cue conditions (mean = 0.25,S.E. = 0.94) compare with those in
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Table 1. Amplitudes of P200 at nine electrodes.

F3
Fz
F4
C3
Cz
C4
P3
Pz
P4

uc
2.50+0.92
3.53+1.15
3.55+0.98
2.55+0.63
4.26+0.95
4.59+0.72
2.50+0.61
4.43+0.77
5.07+0.81

MeanzS.E.

PC
2.04+0.82
3.05+1.02
3.29+0.89
2.01+0.64
3.00+0.93
3.76+0.74
1.53+0.75
3.50+0.82
4.35+0.66

SC
1.66+0.84
2.59+0.93
2.40+0.83
1.74+0.54
3.43+0.81
3.65+0.68
2.43+0.64
4.08+0.67
4.66+0.84

Potentials (expressed in pv) recorded at nine electrodes for unpredictable cues (UC), predictable cues (PC)

and safe cues (SC) in the time window of 200-260 ms. The standard errors are reported.

https://doi.org/10.1371/journal.pone.0182489.t001

predictable cue conditions (mean = -1.61,S.E. = 1.29) (p = 0.02) and those in unpredictable cue
conditions (mean = -1.32, S.E. = 0.91) (p = 0.04) at frontal sites. In addition, the amplitudes of
LPP were the most positive in safe cue conditions (mean = 1.10,S.E. = 0.85) compared to those
in predictable cue conditions (mean = -0.87,S.E. = 0.93) (p = 0.002) and those in unpredictable
cue conditions (mean = -0.57,S.E. = 0.70) (p = 0.03) at central electrodes. There were no inter-
action effect between Cue and Laterality (F(4,64) = 0.97, p = 0.43, two-tailed, effect size = 0.25)

nor interaction effect among Cue, Caudality and Laterality (F(8,128) = 1.83, p = 0.08, two-

tailed, effect size = 0.34). The amplitudes of LPP at nine sites are shown in Table 3.

Discussion

Our study illustrated four key findings. First, a robust behavioral effect was shown; subjective

anxiety levels were higher when cues signaling a threat (i.e., unpredictable cues) were pre-

sented compared to the presentation of predictable cues when anxiety ratings were followed

by the painful and unpainful stimulation. Second, unpredictable cues evoked larger P200

amplitudes at parietal sites compared to predictable cues and larger P200 amplitudes than safe

Table 2. The amplitudes of P3b at nine sites.

F3
Fz
F4
C3
Cz
C4
P3
Pz
P4

uc
0.87+0.91
2.09+1.02
1.76+0.95
2.06+0.68
5.31+0.97
4.57+0.89
2.70+0.76
5.57+0.98
4.94+0.71

MeantS.E.

PC
0.12+1.31
1.03+1.39
1.54+1.23
1.59+0.95
4.28+1.19
4.17+1.17
3.01+0.85
5.81+1.03
5.11£0.77

SC
2.17+1.24
3.18+1.25
2.88+1.17
3.48+0.93
5.92+1.07
5.31+1.09
3.23+0.78
4.78+0.81
4.31+0.72

Potentials (expressed in pv) recorded at the frontal, central and parietal electrodes for unpredictable cues
(UC), predictable cues (PC) and safe cues (SC) in the time window of 400-700 ms. The standard errors are

reported.

https://doi.org/10.1371/journal.pone.0182489.t1002
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Table 3. Amplitudes of LPP at nine electrodes.

MeanzS.E.
uc PC SC
F3 -1.30+0.84 -1.46+1.24 0.18+0.91
Fz -1.18+£1.12 -1.93+1.53 0.16+1.04
F4 -1.46+0.93 -1.41£1.19 0.38+0.98
C3 -1.05+0.59 -1.00+0.84 0.78+0.73
Cz -0.03+0.92 -0.75+1.14 1.351£0.92
C4 -0.6310.85 -0.87+1.08 1.15+£1.03
P3 -0.80+0.58 -0.55+0.68 0.14+0.66
Pz 0.35+0.86 0.45+0.91 0.02+0.57
P4 0.11+0.91 0.37+0.99 0.09+0.89

Potentials (expressed in pv) recorded at the frontal, central and parietal electrodes for unpredictable cues
(UC), predictable cues (PC) and safe cues (SC) in the time window of 700—-1000 ms. The standard error is
reported.

https://doi.org/10.1371/journal.pone.0182489.t003

cues at frontal sites. Third, the amplitudes of P3b for safe cues were larger than predictable
cues at frontal and central sites. Fourth, safe cues evoked the largest amplitudes of LPP com-
pared to predictable cues and unpredictable cues at the frontal and central sites.

According to behavioral results, uncertain dread can lead to stronger anxiety than predict-
able dread. In line with our findings, a previous study on patients with Crohn’s disease[26]
suggested that anticipation and uncertainty can lead to anxiety. Additionally, Rubio et al.
(2015) [27] demonstrated that the uncertainty of the occurrence, timing and intensity of an
aversive event may increase anticipatory anxiety. We suggested that increased anxiety
responses to unpredictable threats may be related to automatic threat appraisal processes,
which are associated with a brain circuit involving sensory, cognitive and emotional aspects
[28]. If given a signal of threat, individuals assess the likelihood and strength of aversiveness
for a threat avoidance strategy. This explanation was supported by Healthcote and Eccleston’s
study[29]. They proposed a cognitive-affective model to explain the uncertain threat of disease
recurrence.

Our ERP data showed that a larger P200 occurred during the early phase in the uncertain
condition compared with the certain condition at the parietal areas. Although the meanings of
P200 were functionally and topographically controversial [30], there may be four explanations
for the amplitudes of P200. First, automatic attention capture for negative stimuli is a possibil-
ity for P200 at centro-parietal or occipital sites [31,32]. Second, the P200 at frontal/parietal
sites may be viewed as classification processes [33]. Third, P200 effect may indicate predictabil-
ity effects or frequency effects, that is, a larger P200 effect in the high-frequency range [34].
Fourth, modulation of P200 amplitudes may reflect the early evaluation of affective connota-
tion [35]. According to our findings, the P200 effect at parietal sites may be cautiously inter-
preted as an early stage of emotional evaluation.

LPP or P3b amplitudes were more positive in response to safe cues compared with cues sig-
naling a threat (i.e., unpredictable and predictable cues) at frontal and central sites. Later posi-
tive components shift typically start at approximately 300 ms and last until 1000 ms [36]. Its
amplitudes are sensitive to various aspects of stimuli, including probability of occurrence,
high-level motivational evaluation and attention allocation [37,38]. However, several studies
[39-42] presented a modulation of late positive potentials by the emotionality of stimuli. First,
Bass et al. (2002) [40] confirmed that threat relative to safe cues elicited fear and increased
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P300. The cortical responses may be related to attentional selection models and emotional pro-
cessing. Second, Mehmood et al. (2016) [41] exhibited an increased LPP when viewing positive
images. The increased LPP effect was interpreted as the detection of emotion regulation, espe-
cially in children. Third, Schupp et al. (2004) [42] demonstrated that affective pictures (i.e.,
pleasant and unpleasant pictures) elicited enlarged late positive potentials over centro-parietal
sensor sites than neutral pictures. It reflected a quick glimpse of emotionality of stimuli to tune
the brain for selective perceptual processing. Fourth, Martin et al. (2017) [43] exhibited an
increased LPP when passively viewing positive images as well as an atypical decreased LPP
when increasing positive emotion. Their results could be associated with the unique automatic
and controlled emotional abnormalities in schizophrenia-spectrum personality disorders. In
our study, the enlarged late positive potentials at frontal/central sites may represent an emo-
tional appraisal processing.

This study had several aspects that need to be improved in future. The current study may
not tease the effects of the complexity, luminance and familiarity of cue images in experimental
design. Thus, pairings of cues and stimulation need to be counterbalanced in design in future
studies. As regard to the stimulation voltage, participants received a shock of 75% of the maxi-
mum tolerable voltage but it is reccommended to use individual difference values of minimum
and maximum tolerable pain intensity [44] in design. Thus, it is difficult to judge whether the
anxiety levels and ERP results are subject to differences in personality or leisure activities or
not.

In conclusion, our data provide insight into how the brain encodes unpredictability during
dread of painful stimuli. Our behavioral findings confirm the pivotal role of unpredictable sig-
nals in anxiety-like responses. We found that an anticipatory P200 at parietal sites allowed for
discrimination between uncertain and certain dread of pain. In addition, we presented evi-
dence that late positive potentials amplitudes at the frontal and central sites were higher in safe
conditions compared to threat conditions. These findings emphasize the importance of uncer-
tain and anticipation on the threat appraisal in pain system.

Supporting information

S1 Table. Behavioral and ERP datasets analyzed in the manuscript. This file listed behav-
ioral data and mean amplitudes of P200, P3b, LPP.
(XLSX)

S2 Table. Behavioral and ERP datasets discarded. This file listed two participants data which

were discarded. The behavioral data and mean amplitudes of P200, P3b, LPP were presented.
(XLSX)

Acknowledgments

We are grateful to Jun Bian, Cui-cui Wang, Jia Jin and Hui-jian Fu for their inspiring discus-
sions. We also thank Jiehui Zheng and Qiang Lu for collecting and analyzing data. We appreci-
ate Wenwei Qiu’s assistance with experimental procedures.

Author Contributions

Conceptualization: Yujing Huang, Qingguo Ma.

Formal analysis: Yujing Huang.

Funding acquisition: Yujing Huang, Qian Shang, Qingguo Ma.

Investigation: Qian Shang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182489  August 23, 2017 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182489.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182489.s002
https://doi.org/10.1371/journal.pone.0182489

@° PLOS | ONE

Dread of uncertain pain: An event-related potential study

Methodology: Yujing Huang, Qian Shang.

Project administration: Yujing Huang, Qian Shang.

Resources: Shenyi Dai, Qingguo Ma.

Software: Qian Shang.

Visualization: Shenyi Dai.

Writing - original draft: Yujing Huang.

Writing - review & editing: Shenyi Dai, Qingguo Ma.

References

1.

10.

1.

12

13.

14.

15.

Visser-Keizer AC, Westerhof-Evers HJ, Gerritsen MJ, vander Naalt J, Spikman JM. To fear is to gain?
The role of fear recognition in risky decision making in TBI patients and healthy controls. PLoS One.
2016; 11(11): e0166995. https://doi.org/10.1371/journal.pone.0166995 PMID: 27870900

Fox E, Russo R, Bowles R, Dutton K. Do threatening stimuli draw or hold visual attention in subclinical
anxiety? J Exp Psychol Gen. 2001; 130: 681-700. https://doi.org/10.1037/0096-3445.130.4.681 PMID:
11757875

Chester DS, Eisenberger NI, Pond RS Jr, Richman SB, Bushman BJ, Dewall CN.The interactive effect
of social pain and executive functioning on aggression: an fMRI experiment. Soc Cogn Affect Neurosci.
9: 699-704. https://doi.org/10.1093/scan/nst038 PMID: 23482622

Lin C, Hsieh J, Yeh T, Niddam DM. Predictability-mediated pain modulation in context of multiple cues:
an event-related fMRI study. Neuropsychologia. 2014; 64: 85-91. hitps://doi.org/10.1016/j.
neuropsychologia.2014.09.021 PMID: 25258246

Phelps EA, Delgado MR, Nearing Kl, LeDoux JE. Extinction learning in humans: role of the amygdala
and vmPFC. Neuron. 2004; 43: 897-905. https://doi.org/10.1016/j.neuron.2004.08.042 PMID:
15363399

Bach DR, Seymour B, Dolan RJ. Neural activity associated with the passive prediction of ambiguity and
risk for aversive events. J Neurosci. 2009; 29: 1648-56. https://doi.org/10.1523/JNEUROSCI.4578-08.
2009 PMID: 19211872

Gole M, Schafer A, Schienle A. Event-related potentials during exposure to aversion and its anticipa-
tion: the moderating effect of intolerance of uncertainty. Neurosci Lett. 2012; 507: 112—7. https://doi.
org/10.1016/j.neulet.2011.11.054 PMID: 22172930

Xu Q, Shen Q, Chen P, Ma Q, Sun D, Pan Y. How an uncertain cue modulates subsequent monetary
outcome evaluation: an ERP study. Neurosci Lett. 2011; 505: 200-204. https://doi.org/10.1016/j.
neulet.2011.10.024 PMID: 22027182

Petrovic P, Ingvar M. Imaging cognitive modulation of pain processing. Pain. 2002; 95: 1-5. https://doi.
org/10.1016/S0304-3959(01)00467-5 PMID: 11790461

Petrovic P, Dietrich T, Fransson P, Andersson J, Carlsson K, Ingvar M. Placebo in emotional process-
ing—induced expectations of anxiety relief activate a generalized modulatory network. Neuron. 2005;
46: 957-69. https://doi.org/10.1016/j.neuron.2005.05.023 PMID: 15953423

Brown CA, Seymour B, Boyle Y, El-Deredy W, Jones AK. Modulation of pain ratings by expectation and
uncertainty: Behavioral characteristics and anticipatory neural correlates. Pain. 2008; 135: 240-50.
https://doi.org/10.1016/j.pain.2007.05.022 PMID: 17614199

Babiloni C, Brancucci A, Babiloni F, Capotosto P, Carducci F, Cincotti F, et al. Anticipatory cortical
responses during the expectancy of a predictable painful stimulation. A high-resolution electroencepha-
lography study. Eur J Neurosci. 2003; 18: 1692—1700. https://doi.org/10.1046/j.1460-9568.2003.
02851.x PMID: 14511347

Chark R, Chew SH. A neuroimaging study of preference for strategic uncertainty. J Risk Uncertainty.
2015; 50(3): 209-227. https://doi.org/10.1007/s11166-015-9220-9

Ito J, Shibasaki H, Kimura J. Somatosensory event-related potentials following different stimulus condi-
tions. Int J Neurosci. 2009; 65(1—4): 239—46. https://doi.org/10.3109/00207459209003297

Seidel E, Pfabigan DM, Hahn A, Sladky R, Grahl A, Paul K, et al. Uncertainty during pain anticipation:
the adaptive value of preparatory processes. Hum Brain Mapp. 2015; 36: 744-55. https://doi.org/10.
1002/hbm.22661 PMID: 25324216

PLOS ONE | https://doi.org/10.1371/journal.pone.0182489  August 23, 2017 10/12


https://doi.org/10.1371/journal.pone.0166995
http://www.ncbi.nlm.nih.gov/pubmed/27870900
https://doi.org/10.1037/0096-3445.130.4.681
http://www.ncbi.nlm.nih.gov/pubmed/11757875
https://doi.org/10.1093/scan/nst038
http://www.ncbi.nlm.nih.gov/pubmed/23482622
https://doi.org/10.1016/j.neuropsychologia.2014.09.021
https://doi.org/10.1016/j.neuropsychologia.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25258246
https://doi.org/10.1016/j.neuron.2004.08.042
http://www.ncbi.nlm.nih.gov/pubmed/15363399
https://doi.org/10.1523/JNEUROSCI.4578-08.2009
https://doi.org/10.1523/JNEUROSCI.4578-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19211872
https://doi.org/10.1016/j.neulet.2011.11.054
https://doi.org/10.1016/j.neulet.2011.11.054
http://www.ncbi.nlm.nih.gov/pubmed/22172930
https://doi.org/10.1016/j.neulet.2011.10.024
https://doi.org/10.1016/j.neulet.2011.10.024
http://www.ncbi.nlm.nih.gov/pubmed/22027182
https://doi.org/10.1016/S0304-3959(01)00467-5
https://doi.org/10.1016/S0304-3959(01)00467-5
http://www.ncbi.nlm.nih.gov/pubmed/11790461
https://doi.org/10.1016/j.neuron.2005.05.023
http://www.ncbi.nlm.nih.gov/pubmed/15953423
https://doi.org/10.1016/j.pain.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17614199
https://doi.org/10.1046/j.1460-9568.2003.02851.x
https://doi.org/10.1046/j.1460-9568.2003.02851.x
http://www.ncbi.nlm.nih.gov/pubmed/14511347
https://doi.org/10.1007/s11166-015-9220-9
https://doi.org/10.3109/00207459209003297
https://doi.org/10.1002/hbm.22661
https://doi.org/10.1002/hbm.22661
http://www.ncbi.nlm.nih.gov/pubmed/25324216
https://doi.org/10.1371/journal.pone.0182489

@° PLOS | ONE

Dread of uncertain pain: An event-related potential study

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Gopalakrishnan R, Burgess RC, Plow EB, Floden DP, Machado AG. Early event related fields during
visually evoked pain anticipation. Clin Neurophysiol. 2016; 127(3):1855—1863. https://doi.org/10.1016/
j.clinph.2015.11.019 PMID: 26733321

Hirao T, Murphy T, Masaki H. Stimulus-preceding negativity represents a conservative response ten-
dency. Neuroreport. 2016, 27(2):80-84. https://doi.org/10.1097/WNR.0000000000000495 PMID:
26626414

Sergei A, Alexei NG, Julius K. Categorization of unilaterally presented emotional words: an ERP analy-
sis. Acta Neurobiol Exp. 2000; 60: 17-28.

Huang YX, Luo YJ. Temporal course of emotional negativity bias: an ERP study. Neurosci Lett. 2006;
398: 91-6. https://doi.org/10.1016/j.neulet.2005.12.074 PMID: 16446031

Carretié L, Mercado F, Tapia M, Hinojosa JA. Emotion, attention, and the ‘negativity bias’, studied
through event-related potentials. Int J Psychophysiol. 2001; 41: 75-85. PMID: 11239699

Poli S, Sario M, Bortoletto M, Buodo G, Palomba D. Stimulus-preceding negativity and heart rate
changes in anticipation of affective pictures. Int J Psychophysiol. 2007; 65: 32-9. https://doi.org/10.
1016/}.ijpsycho.2007.02.008 PMID: 17395326

Weymar M, Bradley MM, Hamm AQ, Lang PJ. When fear forms memories: Threat of shock and brain
potentials during encoding and recognition. Cortex. 2013; 49: 819-26. https://doi.org/10.1016/j.cortex.
2012.02.012 PMID: 22483973

Ma Q, Li D, Shen Q, Qiu W. Anchors as semantic primes in value construction: An EEG study of the
anchoring effect. PLOS One. 2015; 10(10): e0139954. https://doi.org/10.1371/journal.pone.0139954
eCollection 2015. PMID: 26439926

Delplanque S, Silvert L, Hot P, Rigoulot S, Sequeira H. Arousal and valence effects on event-related
P3a and P3b during emotional categorization. Int J of Psychophysiol. 2006; 60(3):315-322.

Annett M. A classification of hand preference by association analysis. Brit J Psychol,1970, 61(3):303—
321. PMID: 5457503

Rubio A, Pellissier S, Van Oudenhove LV, Ly HG, Dupont P, Tack J, et al. Brain responses to uncer-
tainty about upcoming rectal discomfort in quiescent Crohn’s disease-a fMRI study. Neurogastroenter-
olo and Motility, 2016, 28(9): 1419-1432.

Rubio A, Van Oudenhove L, Pellissier S, Ly HG, Dupont P, de Micheaux HL, et al. Uncertainty in antici-
pation of uncomfortable rectal distension is modulated by the autonomic nervous system-a fMRI study
in healthy volunteers. Neuroimage, 2015, 107:10-22. https://doi.org/10.1016/j.neuroimage.2014.11.
043 PMID: 25479021

Renna ME, Quintero JM, Fresco DM, Mennin DS. Emotion regulation therapy: a mechanism-targeted
treatment for disorders of distress. Front Psychol, 2017, 8: 98. https://doi.org/10.3389/fpsyg.2017.
00098 PMID: 28220089

Heathcote LC, Eccleston C. Pain and cancer survival: a cognitive-affective model of symptom appraisal
and the uncertain threat of disease recurrence. Pain, 2017, in press

Wang XY, Huang YJ, Ma QG, Li N. Event-related P2 correlates of implicit aesthetic experience. Neu-
roreport. 2012; 23: 862-6. https://doi.org/10.1097/WNR.0b013e3283587161 PMID: 22922601

Huang YX, Luo YJ. Temporal course of emotional negativity bias: an ERP study. Neurosci Lett. 2006,
398:91-96. https://doi.org/10.1016/j.neulet.2005.12.074 PMID: 16446031

Carretie L,Mercado F, Tapia M, Hinojosa JA. Emotion, attention and the "negativity bias" studied
through event-related potentials. Int J Psychophysiol. 2001, 41:75-85. PMID: 11239699

Van ZAM,Bouwer WH. Clinical neuropsychology of aging. New York: Oxford University Press, 1994.

Dambacher M, Kliegl R, Hofmann M, Jacobs AM. Frequency and predictablity effects on event-related
otentials during reading. Brain Res. 2006, 1084(1):89—103. https://doi.org/10.1016/j.brainres.2006.02.
010 PMID: 16545344

Zajonc RB. Feeling and thinking: preferences need no inferences. Am Psychol. 1980, 35:151-175.

Leutgeb V, Schafer A, Schienle A. An event-related potential study on exposure therapy for patients suf-
fering from spider phobia. Biol Psychol. 2009; 82: 293-300. https://doi.org/10.1016/j.biopsycho.2009.
09.003 PMID: 19751797

Olofsson JK, Polich J. Affective visual event-related potentials: arousal, repetition, and time-on-task.
Biol Psychol. 2007; 75: 101-8. https://doi.org/10.1016/j.biopsycho.2006.12.006 PMID: 17275979

Nieuwenhuis S, Aston-Jones G, Cohen JD. Decision making, the P3, and the locus coeruleus-norepi-
nephrine system. Psychol Bull. 2005; 131: 510-32. https://doi.org/10.1037/0033-2909.131.4.510
PMID: 16060800

Yeung N, Sanfey AG. Independent coding of reward magnitude and valence in the human brain. J Neu-
rosci. 2004; 24: 6258—64. https://doi.org/10.1523/JNEUROSCI.4537-03.2004 PMID: 15254080

PLOS ONE | https://doi.org/10.1371/journal.pone.0182489  August 23, 2017 11/12


https://doi.org/10.1016/j.clinph.2015.11.019
https://doi.org/10.1016/j.clinph.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26733321
https://doi.org/10.1097/WNR.0000000000000495
http://www.ncbi.nlm.nih.gov/pubmed/26626414
https://doi.org/10.1016/j.neulet.2005.12.074
http://www.ncbi.nlm.nih.gov/pubmed/16446031
http://www.ncbi.nlm.nih.gov/pubmed/11239699
https://doi.org/10.1016/j.ijpsycho.2007.02.008
https://doi.org/10.1016/j.ijpsycho.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17395326
https://doi.org/10.1016/j.cortex.2012.02.012
https://doi.org/10.1016/j.cortex.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22483973
https://doi.org/10.1371/journal.pone.0139954
http://www.ncbi.nlm.nih.gov/pubmed/26439926
http://www.ncbi.nlm.nih.gov/pubmed/5457503
https://doi.org/10.1016/j.neuroimage.2014.11.043
https://doi.org/10.1016/j.neuroimage.2014.11.043
http://www.ncbi.nlm.nih.gov/pubmed/25479021
https://doi.org/10.3389/fpsyg.2017.00098
https://doi.org/10.3389/fpsyg.2017.00098
http://www.ncbi.nlm.nih.gov/pubmed/28220089
https://doi.org/10.1097/WNR.0b013e3283587161
http://www.ncbi.nlm.nih.gov/pubmed/22922601
https://doi.org/10.1016/j.neulet.2005.12.074
http://www.ncbi.nlm.nih.gov/pubmed/16446031
http://www.ncbi.nlm.nih.gov/pubmed/11239699
https://doi.org/10.1016/j.brainres.2006.02.010
https://doi.org/10.1016/j.brainres.2006.02.010
http://www.ncbi.nlm.nih.gov/pubmed/16545344
https://doi.org/10.1016/j.biopsycho.2009.09.003
https://doi.org/10.1016/j.biopsycho.2009.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19751797
https://doi.org/10.1016/j.biopsycho.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17275979
https://doi.org/10.1037/0033-2909.131.4.510
http://www.ncbi.nlm.nih.gov/pubmed/16060800
https://doi.org/10.1523/JNEUROSCI.4537-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254080
https://doi.org/10.1371/journal.pone.0182489

@° PLOS | ONE

Dread of uncertain pain: An event-related potential study

40.

M.

42,

43.

44,

Baas JM, Kenemans JL, Bocker KB, Verbaten MN. Threat-induced cortical processing and startle
potentiation. Neuroreport. 2002; 13: 133-7. https://doi.org/10.1097/00001756-200201210-00031
PMID: 11926166

Mehmood RM,Lee HJ, Mehmood RM, Hyo Jong Lee, Mehmood RM, Lee HJ. Toward an analysis of
emotion regulation in children using late positive potential. Conf Proc IEEE Eng Med Biol Soc.2016,
2016:279-282. https://doi.org/10.1109/EMBC.2016.7590694 PMID: 28268331

Schupp HT, Junghofer M, Weike Al, Hamm AO. The selective processing of briefly presented affective
pictures: an ERP analysis. Psychophysiology.2004, 41(3): 441-449. https://doi.org/10.1111/j.1469-
8986.2004.00174.x PMID: 15102130

Martin EA, Karcher NR, Bartholow BD, Siegle GJ,Kerns JG. An electrophysiological investigation of
emotional abnormalities in groups at risk for schizophrenia-spectrum personality disorders. Biol Psy-
chol. 2017, 124:119-132. https://doi.org/10.1016/j.biopsycho.2017.02.001 PMID: 28174121

Berns GS, Chappelow J, Cekic M, Zink CF, Pagnoni G, Martin-Skurski ME. Neurobiological substrates
of dread. Science. 2006, 312: 754—758. https://doi.org/10.1126/science.1123721 PMID: 16675703

PLOS ONE | https://doi.org/10.1371/journal.pone.0182489  August 23, 2017 12/12


https://doi.org/10.1097/00001756-200201210-00031
http://www.ncbi.nlm.nih.gov/pubmed/11926166
https://doi.org/10.1109/EMBC.2016.7590694
http://www.ncbi.nlm.nih.gov/pubmed/28268331
https://doi.org/10.1111/j.1469-8986.2004.00174.x
https://doi.org/10.1111/j.1469-8986.2004.00174.x
http://www.ncbi.nlm.nih.gov/pubmed/15102130
https://doi.org/10.1016/j.biopsycho.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28174121
https://doi.org/10.1126/science.1123721
http://www.ncbi.nlm.nih.gov/pubmed/16675703
https://doi.org/10.1371/journal.pone.0182489

