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Research Paper

Pain by mistake: investigating a link between error-
related negativity and pain avoidance behavior
Juliane Traxlera,b,*, Andreas von Leupoldta, Johan W.S. Vlaeyena,b

Abstract
Pain can be considered as a signal of “bodily error”: errors put organisms at danger and activate behavioral defensive systems. If the
error is of physical nature, pain is the warning signal that motivates protective action such as avoidance behavior to safeguard our
body’s integrity. Interestingly, an important component of neural error processing, the error-related negativity (ERN), has been found
to be related to avoidance in anxiety disorders. The present study is the first to extend these findings to pain and investigate the
relationship between ERN and pain-related avoidance behavior. It was hypothesized that individuals with larger ERN amplitudes
would show more pain-related avoidance behavior and would be more persistent in their avoidance despite changes in the
environment. Fifty-three healthy individuals performed the Eriksen flanker task during which their brain activity on correct and
erroneous motor responses was recorded by means of high-density electroencephalography. Avoidance behavior was assessed
with an arm reaching task using the HapticMaster robot arm. The results showed that, in contrast to our hypothesis, avoidance was
not related to ERN amplitudes. Surprisingly, persons with elevated ERN amplitudes showed low levels of avoidance specifically
during early acquisition trials. In contrast to earlier findings in anxiety disorders, individuals with elevated ERN amplitudes did not
engage in more pain-related avoidance behavior. In fact, the opposite pattern was found at the start of acquisition: individuals with
higher compared with lower ERN amplitudes were slower in learning to avoid pain. Replications and future studies on the
relationship between ERN and avoidance behavior are needed.

Keywords: Pain, Fear avoidance, EEG, Error monitoring, Event-related potentials

1. Introduction

Avoidance behavior is a protective response to impending
aversive events. During acute pain, avoidance of painful stimuli
is adaptive and facilitates healing. However, avoidance becomes
maladaptive when being disproportionate to the threat, when
costs exceed benefits, or when generalizing to originally non-
painful actions.37 According to the fear-avoidance model of
pain,64,65 pain-related avoidance is pivotal for development and
maintenance of chronic pain.65 Individuals holding particularly
negative pain beliefs and tending to misinterpret common pain
episodes as signs of serious harm aremore prone to avoid painful
actions, rather than pursuing valued nonpain goals. The resulting
disability29,35,73 and negative affect can amplify pain experi-
ences34 and create a detrimental cycle of chronification. Despite
the unequivocal importance of avoidance in pain chronicity, the
underlying neural factors are still poorly understood. Enhanced
knowledge of these neural mechanisms may help explain how
excessive avoidance develops and why some persons are more
prone to it than others.

Several studies provided evidence for relationships between a
neural correlate of error commission, the error-related negativity
(ERN), and the development of anxiety and obsessive–
compulsive disorder in which avoidance also plays a key
role.21,47,48 The ERN is an event-related potential measured with
electroencephalography (EEG), which occurs ;100 ms after
error commission at fronto-central scalp positions. It originates in
the anterior cingulate cortex,40 is considered to reflect sensitivity
to threat, especially in unpredictable contexts,27 and is associ-
ated with mobilization of defensive motivational systems.20,24 Its
application to pain remains untested but studies from related
research fields suggest it to be highly promising: Firstly, chronic
pain has many resemblances to sustained anxiety, which is
associated with increased ERN amplitudes.69,74 Secondly, the
ERN also relates to avoidance learning in healthy individ-
uals14,20,42 and, thirdly, it can be elicited through somatosensory
feedback13,39 as would be the case in pain. Furthermore, the
ERN could reflect prediction errors such as behavioral perfor-
mance or sensory input being worse than expected.24,72

Following the predictive coding account, such prediction errors
shape the perception of and behavioral responses to pain.45

Hence, pain may be conceptualized as “bodily error” that,
because of its potential harmfulness, is highly salient and
motivates defensive action, including avoidance behavior. It is
conceivable that individuals being particularly sensitive to these
types of errors, ie, perceiving pain as highly threatening, also
show increased neural processing of errors in general as
characterized by elevated ERN amplitudes.

This study first investigated whether ERN amplitudes are
associated with pain avoidance behavior. Specifically, partici-
pants completed the Eriksen flanker task to elicit errors and an
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arm reaching task to assess pain-related avoidance. Further-
more, given that unpredictability increases the ERN and pain-
related avoidance,2 learned avoidance responses turned in-
effective for 50% of participants in a second phase. We expected
participants with elevated ERN amplitudes to show more
avoidance during pain challenges and to be more persistent
therein in unpredictable contexts, especially when showing high
fear of movement-related pain. Moreover, associations between
ERN and individual differences potentially affecting avoidance
were explored.

2. Methods

2.1. Participants

Based on an a priori sample size calculation using G*Power10,11

with the effect size obtained by Frank et al.14 using the correlation:
bivariate normal model exact test, a number of 46 participants are
needed to reach a power of 0.95 (a5 0.05). Considering potential
dropouts and nonresponders, the study aimed at including 60
participants in total. Participants were recruited at the University
of Leuven, Belgium, using posters, flyers, word of mouth, and
through an online platform for participant recruitment.

Participants were eligible for participation if they were aged
between 18 and 55 years, right-handed, proficient in the Dutch
language, and able to consent autonomously. Exclusion criteria
comprised a self-reported (1) mental and/or neurological
disorder, (2) cardiovascular disease, (3) acute and/or chronic
pain (defined as pain on most days for 3 months or longer), (4)
past operation at the right elbow (location of electrode
placement), (5) pregnancy, (6) use of an electronic implant (eg,
a pacemaker), (7) having been asked by one’s doctor to avoid
stressful situations, or (8) left-handedness, which were assessed
with a respective self-report check list. Besides, participants were
excluded post hoc when they committed less than 6 errors on the
flanker task44 or when they stopped either of the tasks
prematurely.

Written informed consent was obtained from each participant
before both testing sessions. At the end of the second session,
participants received partial course credit or a monetary
compensation (8€/h). The procedures conformed to the Helsinki
Declaration and were approved by the institutional ethics
committee (Social and Societal Ethics Committee; approval
reference number: G-2017 11 994). The study was preregistered
on the Open Science Framework (osf.io/u9b72/).

2.2. Apparatus and stimulus material

2.2.1. Electroencephalography

To measure event-related potentials in response to errors, an
electroencephalogramwas recorded continuously from the scalp
with a 129-channel system (Philips Electrical Geodesics, Inc)
using a sampling rate of 250 Hz. The vertex sensor was used as
reference electrode, and electrode impedances were kept below
50 kV.

2.2.2. HapticMaster

The HapticMaster (HM) is a 3 degrees-of-freedom, admittance-
controlled and force-controlled robotic arm (FCS Robotics;
Moog, Inc, East Aurora, New York). Similar to a joystick, the
HM can be used to control virtual objects in a computer task on
the screen in front of the participants. The device responds to the
force and direction exerted on the handgrip with the according

displacement, allowing for minimal friction and a natural feeling of
motion. The HM records the exact positions in the trajectory over
time, aswell as exerted force and velocity during eachmovement.
Visual feedback of all movements was provided through a 46-
inch LCD screen (36PFL3208K/12; Koninklijke Philips N.V.,
Amsterdam, the Netherlands). In the present experiment, the
range of movement of the HM was confined to a 2-dimensional
horizontal movement plane with a 1 m radius and a depth of
0.35 m.

2.2.3. Stimuli

Electrocutaneous stimuli (hereafter referred to as “e-stim”) of 2
milliseconds duration were used as the painful stimulation in the
movement task. The e-stim was generated by a constant-current
stimulator (DS7A; Digitimer, Welwyn Garden City, England) and
delivered to the triceps tendon of the right arm through a reusable
stainless steel bar electrode (MedCat, Klazienaveen, the Nether-
lands) filled with K-Y gel. The intensity of the e-stim was
individually adjusted using a calibration procedure36 in which a
series of e-stims of increasing intensity was applied. Participants
were instructed to verbally rate each of these stimuli on a 0 to 10
numeric rating scale with 0 meaning “you felt nothing,” 3 referring
to a sensation that “starts to be painful but can easily be
tolerated,” and 10 being the “worst tolerable pain.” As in previous
studies,18,36 a stimulus that “is significantly painful and requires
some effort to tolerate,” which unbeknown to participantsmarked
8 on the scale, was targeted. The mean physical intensity chosen
in this experiment was 24.42mA (SD5 13.74, range5 8-52), the
mean rated stimulus intensity was 7.94 (SD5 0.63, range5 7-9)
on the numeric rating scale. The same individual stimulus intensity
was used throughout the experiment.

2.2.4. Software

In the first sessions, questionnaires were presented by means of
Affect 4.056 and the flanker task was presented in Affect 5.0, both
of which were run on a Windows 7 Professional (Microsoft
Corporation Redmond) 64-bit Dell OptiPlex 780 (Dell, Inc, Round
Rock, TX) with 4-GB RAM, Duo CPU at 3.10 GHz.

For the second session, the HM experiment was programmed
in C11, using the Microsoft Integrated Development Environ-
ment Visual Studio (Microsoft Corporation Redmond, WA) as well
as the development platforms OpenGL for graphical support and
HM Application Programming Interface for controlling the HM.
The HM task was run on a Windows 7 Professional (Microsoft
Corporation Redmond) 64-bit Dell OptiPlex 9020 (Dell, Inc) with
16-GB RAM, CPU: I7-4770 at 3.4 GHz. Electrocutaneous
stimulations were presented by means of Affect 4.0,56 which
was run on a Windows XP Professional (Microsoft Corporation
Redmond) 32-bit Dell OptiPlex 755 (Dell, Inc) with 2-GB RAM,
Duo CPU at 2.33 GHz. TTL communication through PCI Express
parallel ports was used to synchronize the 2 computers.

2.3. Behavioral tasks

2.3.1. Flanker task

To elicit errors, a well-established arrowhead version of the
flanker task9,43,57 was used with 5 horizontally aligned white
arrows presented on a black screen. For each trial, participants
had to indicate the direction (ie, right or left) of the center arrow by
respectively pressing the right or left mouse button while ignoring
the 4 flanking arrows. A trial consisted of the presentation of the
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arrowheads (200 ms) followed by a blank screen until a response
was given or the response window (1000 ms) had passed. The
jittered intertrial interval varied randomly between 600 and 1000
ms with a mean of 800 ms. Half of the trials were congruent with
all arrows pointing into the same direction (“,,,,,” or
“.....”), whereas the other half was incongruent with the
middle arrow pointing in the opposite direction comparedwith the
flanking arrows (“,,.,,” or “..,..”). These trials were
presented in a pseudorandomized order, with no more than 3
subsequent presentations of the same stimulus, in 4 blocks of 60
trials each. Participants were instructed to make responses as
correct and as fast as possible, with a response window of 200 to
1000 ms after stimulus offset. In between blocks, participants
could take a break and resume the task when they were ready.
When participants made errors on less than 10% of trials of a
block (,6), a message was displayed at the start of the break that
encouraged participants to respond faster in the subsequent
block.

2.3.2. Robotic arm reaching task

To assess avoidance behavior, a robotic arm reaching task using
the HM based on a study by Meulders et al.36 was used. In this
task, participants were requested to move a virtual ball from its
starting location to a target location (“green arch”) displayed on
the screen in front of the participants (distance 5 2 m). Three
different movement trajectories (T1-T3) were indicated by gray
arches in the center of the movement plane. Different intensities
of tractive force were applied by the HM for each of the
trajectories, with a linear increase with lateral displacement: the
straight trajectory (T1) was free of tractive force, the moderate
resistance was exerted on the middle trajectory (T2), and high
resistance (max. 50 N) was applied when the target location was
reached using the rightmost trajectory (T3). In the present study,
participants could always freely choose through which trajectory
to reach the target location. Figure 1 provides the graphic
illustrations of the experimental setup and Figure 2 displays the
experimental and trial flows.

Visual and auditory signals were presented to indicate the start
of each trial; trial completion was signaled with an auditory
scoring signal, a prohibition sign, and the target arch lighting up in
red. Participants were instructed to let go of the HM sensor on
scoring because the device automatically repositioned to its
starting location where it remained fixed for 3 seconds before the
following trial started.

The tractive force exerted by the HMwas kept constant across
participants. Hence, to control for considerable interindividual
variability in arm strength, which would influence the ease with
which movements were performed, we measured the triceps
extension force of participants’ right arm by means of a handheld
dynamometer (HHD microFET2; Hoggan Health Industries, Inc,
Jordan, UT). This device registers the force that is exerted on its
transducer in Newton (N). Participants sat on a chair with their
core upright and stable and their feet placed firmly on the ground.
They were instructed to hold their right arm in a 90˚ angle, placing
the ulnar side on the HHD, and extend it with maximal force 3
times, thus pressing against the HHD. Individual extensor muscle
strength was operationalized as the average of these 3
measurements (M 5 131.98 N, SD 5 39.00, range 5 78.43-
247.06).

In total, the task consisted of a total of 82 arm reaching
movements divided into the following 3 phases:

2.3.2.1. Practice phase

This phase consisted of 10 trials in which participants practiced
operating the HM and were encouraged to explore all 3
movement trajectories under supervision of the experimenter.
Participants were exposed to the tractive force, but no e-stims
were applied. After the last trial, participants practiced operating
the foot switch to provide pain expectancy and fear of movement-
related pain ratings.

2.3.2.2. Acquisition phase

In the 48-trial acquisition phase, e-stims were delivered to the
right arm, which ensured spatio-temporal contiguity between the
arm reaching movement and pain. The probability of e-stim
presentation varied between the 3 trajectories: T1 was always
paired with an e-stim (100% reinforcement). When the target
location was reached using T2, an e-stim was presented partially
(50% reinforcement). E-stims could be avoided altogether when
using trajectory T3 (0% reinforcement). E-stims were delivered
approximately 6 ms after an arch was passed. In combination
with the tractive force, a trade-off between pain avoidance and
effort was created.

2.3.2.3. Test phase

The final phase consisted of 24 trials. At this point, participants
were randomly assigned to one of 2 groups: a loss of predictability
(LOP) group and a control group. Randomization was determined
using the RAND function in Excel. For the control group, this
phase was identical to the acquisition phase; for the LOP group,
the reinforcement contingency changed such that e-stims were
delivered after 30% of movements for each of the 3 trajectories,
thus eliminating the option to avoid.

Figure 1. Experimental setup of the HapticMaster task with the participant
seated in front of the LCD screen, the HapticMaster robot arm, and foot switch
used to provide ratings of pain expectancy and fear of movement-related pain.
Red dot and blue strap indicate electrode placement on the triceps tendon of
the right arm for delivery of the e-stim (reprinted with permission fromMeulders
et al.36).

Copyright © 2021 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

Month 2021·Volume 00·Number 00 www.painjournalonline.com 3

www.painjournalonline.com


2.4. Measures and outcomes

2.4.1. Behavioral avoidance

Avoidance behavior was operationalized as the maximal de-
viation from the short trajectory that was paired with a painful e-
stim (T1; for detailed description refer to Procedure section) on
the HM task. This deviation is automatically logged by the HM in
millimeter. In addition, and as an alternative measure of
avoidance, we inspected the frequency with which the third
trajectory was chosen in explorative analyses. These measures
were taken during both acquisition (acquisition of avoidance) and
test phase (persistence of avoidance).

2.4.2. Error-related negativity

TheERNwas recorded using EEGduring performance of the flanker
task. Data were processed offline using Brain Electrical Source
Analysis Research 6.0 (BESA GmbH, Gräfelfing, Germany). Data
were filtered between 0.1 and 30 Hz and a 50 Hz notch filter was
added. Ocular artifacts were corrected by means of the BESA
algorithm, and noisy electrodes were interpolated or excluded on
visual inspection with a maximum of 10% of the total number of
electrodes.30 Response-locked epochs of 1500 ms (500 ms
preresponse and 1000 ms postresponse) were extracted and
averaged across the 4 blocks. As in previous studies,27,57,59 the 500
to 300ms preresponse interval was used as the baseline. Trials with
response times below 200 ms or above 1000 ms were excluded.68

Finally, data were rereferenced to the average reference.
The ERN was operationalized as the mean amplitude in a time

window from 0 to 100ms6,49,50 after the error response at fronto-
central sites around FCz (Geodesic net electrode 6). In addition,
the correct response negativity (CRN), which is a comparable
albeit smaller negative deflection in the EEG signal than the ERN,
that occurs after correct responses in the flanker task in the same

time window (0-100ms postresponse) at fronto-central sites was
analyzed. The CRN was computed in the same way as the ERN,
and the difference score between ERN and CRN (DERN 5 ERN
2 CRN), which has been suggested to be more reliable than the
ERN alone,49 was calculated as an additional read-out for
the ERN.

2.4.3. Questionnaires

The following questionnaires were used to describe the sample
and to explore additional potential relationships between the ERN
and personality traits.

The Positive and Negative Affect Schedule-Trait version is a self-
report measure assessing positive and negative affect.66 Partic-

ipants indicate on a 5-point Likert scale (15 not at all and 55 very

much) to which extent 20 different emotional states (eg, interested,

upset, or alert) are generally applicable to them. The psychometric

properties of the 2 subscales have been found to be good, including

good convergent and discriminant validity.4 In the present sample,

internal consistency for both the positive affect subscale (a 5 0.85)

and the negative affect subscale (a 5 0.84) was high.
The State-Trait Anxiety Inventory-Trait version assesses trait

anxiety by means of 20 items (eg, “I am tense” or “I am

worried”) that are rated on a 4-point Likert scale with the

anchors 1 5 “almost never” and 4 5 “almost always.”55 The

scale is reported to have a high internal consistency ranging

between 0.86 and 0.95, and the test–retest reliability between

0.65 and 0.75.54 Its internal consistency in the present sample

was high (a 5 0.87).
The Pain Catastrophizing Scale is a 13-item questionnaire that

measures catastrophic thoughts and feelings about pain.58

Participants rate on a 5-point Likert scale (0 – not at all and 4 5
always) towhat extend statements, such as “I keep thinking about

Figure 2. Schematic representation of the experimental and trial flows. Lightning bolts indicate the phases during which e-stim could be administered. For the test
phase, participants were randomized into either the loss of predictability group (LOP) or the control group. Panel 1: The design of the experimental task. Panel 2:
Illustration of the trial flow. Percentages refer to the reinforcement rates of the 3 arches. Note: Lightning bolts and reinforcement rates were added for clarification
and were not visible to participants. ACQ, acquisition phase.
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how much it hurts,” apply to them with higher scores reflecting
more catastrophic thinking. The scale has good psychometric
properties,32 and its internal consistency in the present study was
high (a 5 0.88).

The Life Orientation Test-Revised assesses optimism and
comprises 3 positive and 3 negative statements (eg, “I’m always
optimistic about my future”) and 4 filler items.51 The items are
rated on a 5-point Likert scale ranging from 1 5 “strongly
disagree” to 55 “strongly agree.” Psychometric properties of this
scale are satisfactory,17 although its internal consistency was
rather low (a 5 0.59) in the present sample.

The Intolerance of Uncertainty Scale comprises 27 items that
measure reactions to uncertainty and ambiguous situations.5,15

Participants indicate to which degree each statement (eg, “When

I am uncertain, I can’t go forward”) applies to them on a 5-point
Likert scale with the anchors 1 5 “not at all characteristic of me”
to 5 5 “entirely characteristic of me.” Helsen et al.23 reported
excellent psychometric properties for this scale. In the present
study, its internal consistency was high (a 5 0.87).

2.5. Manipulation checks

2.5.1. Fear of movement-related pain and pain expectancy

Ratings of fear of movement-related pain and pain expectancy
were acquired 4 times during the HM movement task, after
blocks of 18 trials, respectively. Pain expectancy was assessed
with the question “To what degree do you expect an electro-

cutaneous stimulus when moving through this [the yellow] arch?”
Fear of movement-related pain was assessed with the question
“How afraid are you to perform this movement?” for each of the 3
movement trajectories separately. Answerswere given on a visual
analogue scale with the anchors 0 5 “not at all” to 10 5 “very
much” by means of a foot pedal. Both questions were posed for
each of the 3 trajectories (ie, 6 questions per block) and were
shown at the top of the screen, the respective arch lit up yellow.
The visual analogue scale appeared underneath the question; a
rating could be given by means of a Windows 7 compatible foot
switch with 3 pedals (USB-3FS-2; Scythe, Tokyo, Japan), which
allowed for minimal interference with the arm reaching task.
Participants could scroll left and right by pressing the left and
middle foot pedals, respectively, and confirm their selection by
pressing the right pedal.

2.5.2. Skin conductance

The skin conductance level (SCL) was measured throughout the
experiment as an additional explorative marker of physiological
arousal using the Coulbourn LabLinc V system (Coulbourn
Instruments, Whitehall, PA) and a National Instruments data
acquisition card (National Instruments Corp, Austin, TX). A 0.5 V
current was passed between 2 electrodes (11 mm, disposable,
pregelled with isotonic gel [Biopac Systems, Inc, Goleta, CA])
attached to the hypothenar eminence of the left hand. The
interelectrode distance was approximately 24 mm. The sampling
rate used was 1000 Hz.

2.5.3. Postexperimental questionnaire and blinding checks

At the end of the experiment, participants answered a series of
questions relating to (1) whether they were aware of the study
goal (“What do you think was this study about?”) or (2) the
contingencies between movement trajectories and e-stim pre-
sentation (“Did you think that some of the archeswere followed by

an electrocutaneous stimulus more often than others? If so,

please specify.”) and (3) whether they tried to avoid the e-stim
(“Did you try to avoid the stimuli?”). (4) We also assessed whether
participants experienced a contingency change during the task
(“Did you think that the rules according to which a stimulus was

administered changed at some point?”). Finally, participants
rated 3 questions on visual analogue scales ranging from
0 (“none/not at all”) to 10 (“verymuch/the worst pain imaginable”):
(1) how much effort they had to put up against the tractive force
(“How much effort did the resistance cost you?”), (2) to which
degree they desired to avoid the e-stim (“Towhich degree did you

want to avoid the electrocutaneous stimulus?”), and (3) the
intensity of the e-stim (“How intense was the electrocutaneous
stimulus?”).

2.6. Procedure

The experiment consisted of a 2-day protocol with on average 2.7
days (SD 5 4.35) in between the 2 sessions. In the first session,
the ERNwas assessed using EEGmeasurements, whereas in the
second session, pain avoidance behavior was measured by
means of the HM arm reaching task. On arrival in the laboratory,
participants were informed about the general procedure of the
experiment and the specific tasks of the respective session. This
included information about the voluntary character of the study
and the delivery of painful stimulation in the second session. After
checking eligibility for participation, participants were asked to
provide their informed consent.

At the start of the first session, participants filled in the
questionnaires. Next, the EEG net was attached and participants
were seated approximately 60 cm in front of a computer screen
and underwent a practice phase of the flanker task before the
actual experimental phase started. Finally, participants were
thanked and practical information for the second session was
provided.

In the second session, participants’ extensor muscle strength
wasmeasured, and the electrodes for e-stim delivery and for SCL
measurement were attached. Afterwards, participants were
seated on a chair in front of the HM with the handgrip of the
robotic arm positioned approximately 10 cm in front of the
participant’s right shoulder. The e-stim was calibrated and both
written and verbal instructions for the HM task were given. On
completion of the HM task and filling in the postexperimental
questionnaire as blinding check, participants were debriefed and
thanked for their participation.

2.7. Statistical analyses

Statistical analyseswere performed using SPSS25.25 Descriptive
statistics were retrieved for participant characteristics, question-
naire data, blinding, and contingency awareness data, and
assumptions were checked for linear regression analysis. Flanker
task performance was assessed based on error rate, reaction
times, and posterror slowing. Posterror slowing was calculated
as the average difference in reaction times between pre-error and
associated posterror trials,7 including only those error trials that
were preceded by a correct trial. A series of repeated measures
(RMs) analyses of variance (ANOVAs) were performed to test
acquisition and persistence of avoidance behavior, pain expec-
tancy, and fear of movement-related pain. These analyses were
repeated controlling for arm strength, perceived and actual
intensity of the e-stim, as well as for effort and desire to avoid.
Moreover, a RM ANOVA of skin conductance across acquisition
and test phase was conducted.
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To test the main hypothesis, multiple regression analyses were
performed on amplitudes of ERN, CRN, and DERN as predictors
and avoidance behavior (mean maximal deviation) during
acquisition and test phase as outcome. In addition, learning
curves may differ between individuals, although all participants
had successfully acquired avoidance by the end of the acquisition
phase. Therefore, we decided to explore potential differences in
the learning process and how these are associated with our
variables of interest: The first (early) and last (late) 10 acquisition
trials were investigated separately by means of exploratory
regression analyses performed on ERN, CRN, and DERN. To
test whether the ERNpredicts persistence of avoidance behavior,
a linear regression analysis with ERN as predictor and number of
avoidance trials (T3) during the test phase as outcome was
conducted among the LOP group alone, as the control group did
not undergo the LOP manipulation that we consider crucial to
address this specific research question. Instead, inclusion of the
control group allowed us to exclude potential alternative
explanations for any observed changes in avoidance behavior,
such as participants getting tired or bored towards the end of the
session, and instead attribute these changes to the LOP
manipulation. Furthermore, exploratory correlation analyses of
ERN and DERN with individual difference measures were
conducted.

The significance level was set at P , 0.05. Greenhouse–
Geisser and Pillai Trace corrections are reported when appropri-
ate. Pairwise comparisons were used to further analyze the data,
using Holm–Bonferroni corrections to correct for multiple testing.
Uncorrected degrees of freedom, corrected P values, and the
effect size partial eta-squared (h2

p) are reported.

3. Results

3.1. Sample characteristics

A total of 64 participants took part in the study. Four participants
were excluded because of technical problems during testing and
7 participants were excluded because less than 6 errors
remained after data preprocessing.44 Consequently, the analy-
ses were conducted on the final sample of 53 participants (11
males) aged 18 to 41 years (M 5 19.04, SD 5 3.29). Participant
characteristics of the whole sample and the 2 groups separately
are described in Table 1.

3.2. Blinding, contingency awareness, and exit questions

On completion of the experiment, none of the participants was
fully aware of the study goal, although 33 (62.2%) were partially
aware. They reported that the second session was about the

influence of painful stimulation on movement choices or
avoidance behavior. Almost all participants (51 of the 53;
96.2%) were contingency aware, and noticed a relationship
between movement trajectory and e-stim presentation. In the
test group, 28 of the 29 participants (96.6%) were aware of the
contingency change between acquisition phase and test
phase.

In the postexperimental questionnaire, participants reported
that they exerted a mean effort of 4.02 (SD5 1.79, range5 1-8)
against the tractive force. Retrospective e-stim intensity ratings
indicated that the stimuli continued to be experienced as painful
(M 5 7.07, SD 5 0.99, range 5 5-9) in all cases except one
individual who rated the e-stim intensity as 0 (5 no sensation at
all), possibly indicating amisunderstanding of the question. Forty-
eight participants (90.6%) reported that they tried to avoid the
stimulus, whereas 5 did not. Desire to avoidwas rated as relatively
high (M 5 7.00, SD 5 2.06, range 5 2-10).

3.3. Flanker task performance

On average participants committed 17.57 errors (SD 5 14.00;
range5 6-91; 8.9%of all accepted responses) on the flanker task
and gave 186.06 correct responses (SD 5 34.09; range 5 70-
231). Reaction times were significantly faster during error trials (M
5 375.41 ms, SD 5 105.20) compared with correct trials {M 5
462.06 ms, SD 5 108.14; t(12,626) 5 26.34, P , 0.001; 95%
confidence interval (CI) [80.20-93.10]}. This is comparable to
flanker task performances observed in other studies in healthy
samples.41,44 The difference in reaction times between posterror
trials (M5 351.1 ms, SD5 125.01) and the associated pre-error
trials (M 5 332.3 ms, SD 5 118.45) was significant (t(12,474) 5
5.66, P , 0.001; 95% CI [1.23-2.54]), indicating the commonly
observed posterror slowing.7,46

3.4. Behavioral avoidance

The 2 3 3 (Group [LOP vs control] 3 Phase [early acquisition,
late acquisition, and test phase]) RM ANOVA on the mean
maximal deviation from the straight trajectory (Fig. 3) revealed
significant main effects of both Group, F(1,51) 5 11.34, P 5
0.001, h2

p 5 0.18, and Phase, F(2,50) 5 38.43, P , 0.001, h2
p

5 0.61. These were accommodated by a significant Group 3
Phase interaction effect, F(2,50) 5 18.30, P , 0.001, h2

p 5
0.42. Pairwise comparisons showed that participants en-
gaged in avoidance behavior significantly more often during
late acquisition (M 5 0.71, SD 5 0.47) compared with early
acquisition (M 5 0.19, SD 5 0.43; P , 0.001; 95% CI [0.35-
0.70]) as well as test phase (M 5 0.30, SD 5 0.58; P , 0.001;

Table 1

Means and standard deviations of the questionnaires for the whole sample (n 5 53) and the 2 groups separately.

Mean (SD) Range (min-max) LOP group (n 5 29) Control group (n 5 24)

PA 32.81 (5.196) 19-44 33.31 (4.706) 32.21 (5.778)

NA 17.91 (5.332) 10-31 17.93 (5.063) 17.88 (5.751)

STAI-T 40.60 (7.791) 26-57 39.69 (7.978) 41.71 (7.578)

PCS 16.36 (7.507) 2-32 15.93 (7.573) 16.88 (7.555)

LOT-R 20.85 (2.938) 15-27 20.93 (2.853) 20.75 (3.096)

IUS* 66.36 (12.40) 37-100 64.91 (13.850) 67.87 (10.784)

* Full sample: n 5 47; Loss of predictability group: n 5 24; Control group: n 5 23; questionnaire data missing for 6 participants because of a technical error.

IUS, Intolerance of Uncertainty Scale; LOP, loss of predictability; LOT-R, Life Orientation Test-Revised; NA, Positive and Negative Affect Schedule-Trait negative affect; PA, Positive and Negative Affect Schedule-Trait positive

affect; PCS, Pain Catastrophizing Scale; STAI-T, trait version of the State-Trait Anxiety Inventory.
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95% CI [0.22-0.53]); the latter of which, however, was driven
by the interaction effect. Although there was no significant
difference in avoidance behavior between the 2 groups during
early or late acquisition (F(2,50) 5 0.07, P 5 0.936), in the test
phase the LOP group engaged in significantly less avoidance
behavior compared with the control group (F(1,52) 5 48.06, P
, 0.001). When controlling for arm strength, perceived and
actual intensity of the e-stim, effort and desire to avoid, these
effects remained significant.

3.5. Manipulation checks

3.5.1. Pain expectancy and fear of movement-related pain

Two separate 23 33 3 (Group [LOP vs control]3 Trajectory [1,
2, and 3] 3 Phase [early acquisition, late acquisition, and test
phase]) RM ANOVAs were conducted for ratings of pain
expectancy and fear of movement-related pain.

The analysis on expectancy ratings (Fig. 4) revealed a
significant main effect of Trajectory, F(2,50) 5 281.57, P ,
0.001,h2

p 5 0.92, but not of Phase, F(2,50)5 3.09,P5 0.054,h2
p

5 0.18, or Group, F(1,51) 5 1.98, P 5 0.165, h2
p 5 0.04. The

Group 3 Trajectory 3 Phase interaction effect was significant,
F(4,48) 5 5.33, P 5 0.001, h2

p 5 0.31, suggesting a different
development of pain expectancy for the 3 trajectories across
phases between the 2 groups. Planned contrasts indicated that
the differences in expectancy ratings between T1 and T2 (P 5
0.009) aswell as between T1 and T3 (P, 0.001)were larger in the
control group compared with the LOP group. In the LOP group,
the difference in expectancy ratings for T1 and T3 decreased from
early acquisition to test phase in contrast to the control group that
showed a rather stable T1 to T3 difference score across all
phases (P 5 0.006).

Regarding fear of movement-related pain ratings, all 3 main
effects of Phase, F(2,50) 5 5.56, P 5 0.007, h2

p 5 0.18,
Trajectory, F(2,50) 5 122.46, P, 0.001, h2

p 5 0.83, and Group,
F(1,51) 5 15.82, P 5 0.008, h2

p 5 0.13, were significant.
Paralleling the results of expectancy ratings, the Group

3 Trajectory 3 Phase interaction effect on fear of movement-
related pain ratings (Fig. 5) was also significant, F(4,48)5 6.17, P
, 0.001, h2

p 5 0.34. Planned contrasts showed that the
differences in fear of movement-related pain ratings between
T1 and T3 (P5 0.028) were larger in the control group compared
with the LOP group.

3.5.2. Skin conductance level

In addition, we conducted an exploratory 2 3 3 (Group [LOP vs
control] 3 Phase [early acquisition, late acquisition, and test
phase]) RM ANOVA on SCL. The main effect of Phase was
significant, F(2,50) 5 5.01, P 5 0.01, h2

p 5 0.17. Pairwise
comparisons revealed a significant increase (P 5 0.013) in SCL
from early acquisition (M5 19.52mS, SD5 9.88) to test phase (M
5 20.43mS, SD5 9.58). Neither themain effect of Group, F(2,50)
5 0.74, P5 0.393, h2

p 5 0.01, nor the interaction effect between
Group and Phase, F(2,50) 5 0.80, P 5 0.455, h2

p 5 0.03, was
significant.

3.6. Main analysis: error-related negativity and
behavioral avoidance

Figure 6 presents response-locked event-related potentials
for error and correct responses on the flanker task. Simple
linear regressions were performed to predict avoidance
behavior during acquisition and test phase, respectively,
based on participants’ ERN amplitudes. The latter was
conducted on the LOP group alone. Preliminary analyses
ascertained that assumptions of normality and linearity were
not violated. Nonsignificant effects were found both for the
acquisition phase (b 5 0.005; F(1,51) 5 3.69, P 5 0.06) with
an R2 of 0.067 and the test phase (b 5 20.003; F(1,27) 5
0.47, P 5 0.501) with an R2 of 0.017. These results did not
change notably when using the alternative avoidance mea-
sure (frequency of movements through T3; acquisition phase:
b 5 1.378; F(1,51) 5 3.384, P 5 0.072, R2 5 0.062; test

Figure 3.Meanmaximal deviation from the shortest trajectory (T1) for the loss of predictability group and the control group across time. Error bars represent SEM.
ACQ, acquisition phase.
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phase: b 5 20.023; F(1,27) 5 0.003, P 5 0.959, R2 5 0.00).
When adding CRN and DERN as predictors in an exploratory
step, multiple linear regression analyses again revealed overall
nonsignificant effects during acquisition (F(2,50) 5 2.09, P 5
0.134; R25 0.077; DERN excluded) and test phase (F(2,26)5
0.26, P 5 0.777; R2 5 0.019; DERN excluded). It was found
that ERN was a significant predictor of avoidance behavior in
acquisition (b5 0.007, P5 0.050), whereas CRNwas not (b5
20.004, P 5 0.469). In the test phase, both ERN and CRN
failed to significantly predict avoidance behavior (bERN 5 2
0.002, P 5 0.592; bCRN 5 20.002, P 5 0.805).

3.7. Exploratory analyses

3.7.1. Error-related negativity and acquisition of avoidance

To examine whether ERN amplitudes are related to avoidance
learning trajectories or whether a weak association between ERN
and avoidance could bemasked by a ceiling effect, a simple linear
regression with ERN as predictor and avoidance behavior as
outcome during early and late acquisition was conducted. A
significant effect was found for early acquisition (b 5 0.007;
F(1,51) 5 4.69, P 5 0.035; R2 5 0.084), but not for late
acquisition (b 5 0.005; F(1,51) 5 2.33, P 5 0.133; R2 5 0.044).

Figure 4. Expectancy ratings for the 3 different trajectories (T1-T3) in the loss of predictability and control groups during acquisition (ACQ) and test phase. Error
bars represent SEM.

Figure 5. Pain-related fear ratings for the 3 different trajectories (T1-T3) in the loss of predictability and control groups during acquisition (ACQ) and test phase.
Error bars represent SEM.
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Again, these results did not differ when using the frequency of T3
as an alternative avoidance measure (early acquisition: b 5
0.311; F(1,51)5 4.06, P5 0.049, R2 5 0.074; late acquisition: b
5 0.287 F(1,51) 5 2.08, P 5 0.156, R2 5 0.039). When adding
CRN and DERN as predictors, the multiple linear regression
results remained significant for early acquisition (F(2,50)5 3.27,P
5 0.046; R25 0.116; DERN excluded) and nonsignificant for late
acquisition (F(2,50) 5 1.15, P 5 0.326; R2 5 0.044; DERN
excluded). During early acquisition, ERN but not CRN was found
to be a significant predictor of avoidance behavior (bERN5 0.009,
P 5 0.014; bCRN 5 20.007, P 5 0.189), whereas during late
acquisition, both variables did not significantly predict avoidance
(bERN 5 0.006, P 5 0.184; bCRN 5 20.001, P 5 0.909). In all
analyses, higher ERN amplitudes predicted less avoidance
behavior during early acquisition.

3.7.2. Error-related negativity and individual differences
measures

None of these measures correlated significantly with ERN or
DERN (r range 5 20.143 to 0.073, all P . 0.305).

4. Discussion

The present study investigated the association between the ERN,
a neural component of error processing, and pain-related
avoidance in healthy individuals. According to the Holroyd and
Coles model,24 the ERN signal “trains” the anterior cingulate
cortex to improve its control over the motor system, eg, to “direct
the motor system to avoid pain at all costs” (p. 685). Based on
findings from anxiety research, we hypothesized individuals with
larger ERN amplitudes to show more pronounced and persistent
avoidance during a movement task with pain induction than
individuals with smaller ERN amplitudes. Although pain expec-
tancy and fear of movement-related pain to movement trajecto-
ries paired with painful stimulation were induced successfully and
the expected patterns of avoidance behavior were observed, our
results do not support the hypothesis that the ERN predicts pain-
related behavioral avoidance in healthy individuals.

These results contrast with previous studies suggesting that
the ERN indicates the evaluation of the relevance and motiva-
tional salience of errors1,70 and reflects individual sensitivity to
endogenous threat,19 based on which defensive motivational
systems are activated.20,24,68 The ERN was found to predict
magnitudes of startle potentiation in healthy students on error

commission20 as well as the extent to which individuals learned
from their mistakes rather than their correct responses.14

Weinberg et al.68 demonstrated that healthy adolescents with
larger ERNs report more checking behaviors than their counter-
parts with smaller ERN amplitudes. Although previous research
has not specifically focused on pain-related avoidance, studies
on the relationship between ERN and avoidance behavior in
general produced converging evidence in favor of such a
relationship, supporting the theory by Holroyd and Coles24 that
the function of the ERN is to improve motor control.

However, the current results do not support this notion for the
avoidance of acute experimental pain, for which there may be
several explanations: First, it is possible that the ERN simply does
not relate to pain-related avoidance behavior. An alternative
explanation is that the present study differs greatly from previous
research such that avoidance learning was (1) not measured in
response to the task on which errors were committed nor by
means of self-report and (2) it was assessed in a different session
than the error task. Although it is unlikely that temporal proximity
of measurements would have led to different results, given the
demonstrated trait-like character of the ERN,52,67 it is plausible
that the disjointedness between the 2 tasks could explain the
absence of a relationship between ERN amplitude and avoidance
behavior: Errors on the flanker task bore no relevance for the
performance of the avoidance task. Participants who found error
commission on the flanker task aversive and, subsequently,
demonstrated elevated ERNsmay not necessarily have found the
commission of a bodily error, ie, painful movements on the HM
task, aversive. Vice versa, pain-sensitive individuals and those
holding negative beliefs about painmay have persistently avoided
the painful movements despite showing little response to the
pain-unrelated errors on the flanker task. Hence, large ERNs on
the flanker task may reflect general sensitivity to errors, as could
be the case in generalized anxiety disorder or obsessive–
compulsive disorder,8,16,62,71 but not sensitivity to specific types
of errors such as painful movements. A first study lending support
to this hypothesis developed an interoceptive error commission
paradigm, on which mistakes evoked an “interoceptive ERN”,
that was unrelated to its exteroceptive counterpart in response to
the flanker task.60Moreover, it can be speculated that flanker task
errors have a more cognitive and less affective quality than pain-
related prediction errors, which could imply the involvement of
different cortical hierarchies.45 A third explanation for the present
findings could be the use of a healthy student sample in which the
variance in ERN amplitudes and avoidance might be smaller
compared with a chronic pain sample, which renders it less likely
to detect a potential correlation between the 2 variables. In
particular, the healthy participants in this study might not have
perceived the pain stimuli to be as salient and threatening as
would persons with chronic pain. Finally, several psychosocial
variables are known to influence avoidance, for instance,
anxiety,31,53 intolerance of uncertainty,12 as well as the presence
of competing goals3,63 or social threat,28 which could have
moderated the postulated ERN–avoidance relationship, warrant-
ing further examination.

The unexpected finding of smaller ERN amplitudes predicting
more avoidance at the start of acquisition was based on an
exploratory analysis and therefore needs to be interpreted with
caution. According to the computational model by Frank et al.,14

persons with larger ERN amplitudes should be better at “learning
to avoid maladaptive responses” (p. 495), which was supported
by their experimental study. By contrast, our data seem to
suggest that individuals with larger ERN amplitudes acquire
avoidance behavior more slowly than persons with smaller ERNs.

Figure 6. Response-locked grand average waveforms for the error-related
negativity (ERN) and the correct response negativity (CRN) at FCz (Geodesic
sensor E6) for incorrect and correct responses in the flanker task, respectively,
as well as their difference score (DERN). The scalp topography depicts the
location of the ERN (in blue).
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If this result can be replicated, it may bear clinically relevant
implications: in the present experimental paradigm, contin-
gencies were straightforward during acquisition, whereas in daily
life, the occurrence and duration of pain are far less certain and
predictable. Speculatively, personswith small ERNsmay bemore
sensitive to these contingencies and more prone to engage in
avoidance behavior. Consequently, it remains to be tested
whether ERN amplitudes may specifically predict the early stages
of avoidance learning.

The absence of correlations between ERN and any of the
personality traits assessed is striking as several previous studies
demonstrated associations of ERN amplitudes with anxiety,38,42

intolerance of uncertainty,26 and negative affect.22,33 A likely
explanation for our null finding regarding intolerance of un-
certainty is that we did not distinguish between prospective and
inhibitory intolerance of uncertainty, which were both related to
ERN in the study by Jackson et al.,26 but in opposite directions.
Because we could not disentangle the 2 factors in the current
study, it is possible that their effects cancelled each other out.
More remarkable is the finding that we did not replicate the widely
reported association with anxiety. However, previously this
relationship was mostly observed in clinical samples,39 whereas
Meyer and Gawlowska38 found such association in healthy
undergraduates only when the errors were punished, but not
when error commission bore no consequences as was the case
in the present study. These discrepancies signal a need for further
research on the relationship between personality characteristics
and ERN in healthy persons.

Some limitations of the present study need to be discussed.
First, it cannot be ruled out that the absence of the hypothesized
association between ERN and pain-related avoidance in the
present study is the result of features of the experimental design:
For methodological reasons, the 2 tasks used to measure ERN
and avoidance were spatially and temporally separated, which
might have made it more difficult to detect potentially small
effects. Besides, the flanker task bore no relevance for pain in
general and for the avoidance task specifically as amistake on the
former did not carry painful consequences and had no
implications for performance on the arm reaching task. Future
research should examine whether ERNs on a pain-relevant error
commission task are associated with pain-related avoidance in
general. The development of a novel paradigm to assess both
error processing and avoidance in one task could provide further
insights.61 Second, the HM task is considered to be a more
ecologically validmeasure of avoidance behavior thanmany other
available tasks, among others due to the introduction of an
avoidance cost. Yet this cost in the form of increased movement
resistance was relatively low and the required effort was not rated
as particularly high in the present study (M5 4.0, SD5 1.8; on a
10-point Likert scale). Thus, avoidance was not necessarily
maladaptive and might therefore have reached a ceiling effect,
which could have masked effects of individual differences. Third,
the sample size calculation was based on the main analysis
focusing on the acquisition of avoidance behavior such that the
between-group analyses on LOP are likely underpowered. Given
the importance of unpredictability in shaping the ERN,27,59 further
research assessing its association with pain avoidance in
unpredictable contexts is warranted. Fourth, the potential effects
of relevant psychosocial variables on the relationship between
ERN and avoidance were beyond the scope of this study but
might have obscured a clear ERN–avoidance association. The
role of these variables deserves closer attention in future
investigations. Fifth, the generalizability of our results to individ-
uals with chronic pain is limited as our sample consisted of young,

healthy participants and because the occurrence of the
experimental pain was likely too predictable to distinguish
between individuals. Hence, future studies should use a partial
reinforcement schedule to overcome the latter problem and
extend to populations with chronic pain.

Taken together, the results of the present study indicate that
pain-related avoidance in healthy individuals cannot be predicted
based on their ERN amplitudes, although exploratory analyses
suggest that early learning experiences may be shaped by
individual differences in error processing. Although pain-related
avoidance behavior has been gaining more scientific attention
recently, the present research signifies an early step in mapping
its underlying neuralmechanisms. Given the arguable importance
of avoidance behavior in maintaining chronic pain, studying these
mechanisms is crucial to understand chronic pain and to inform
clinical practice. Consequently, replications and extensions of
this experiment are clearly warranted.
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