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Abstract

Background: According to current fear-avoidance models, changes in

motor behaviour (e.g. avoidance) are a key component in the

development and maintenance of chronic pain complaints. Yet,

experimental research assessing actual behavioural changes following

painful events is relatively sparse. This study investigated the effects of

pain anticipation on changes in motor behaviour using a fear

conditioning paradigm and robot-generated standardized movement

trajectories of the upper extremities.

Methods: Pain-free participants (N = 20) performed clockwise and

counterclockwise fixed, circular movements with a robotic arm without

receiving visual feedback. During fear acquisition, moving in one direction

(CS+) was paired with a painful stimulus (pain-US) whereas moving in

the other direction (CS�) was not. During the subsequent extinction

phase, the pain-US was omitted. We assessed self-reported pain-related

fear and urge to avoid the movement, as well as several behavioural

measures: Velocity, acceleration, exerted force and force direction.

Results: Movements that were paired with pain were associated with

increased self-reported pain-related fear and urge to avoid. Moreover,

movements that were associated with pain were performed faster, more

forcefully and more accurately than movements that were not associated

with pain. All these differences diminished during the extinction phase.

Conclusions: The present study demonstrates the utility of robot-

generated force feedback in the study of pain-related fear and associated

changes in motor behaviour.

Significance: Fear of pain changes movement: Movements associated

with pain are performed faster, with more force and higher accuracy than

movements that are not associated with pain. These changes can inform

us how fear of pain translates into avoidance and escape behaviour, two

important constructs in the maintenance of chronic pain.

1. Introduction

The fear-avoidance model (Vlaeyen and Linton,

2000; Crombez et al., 2012) proposes a mechanism

for the development and maintenance of chronic

pain complaints. The model predicts that pain-

related fear and catastrophic beliefs about pain result

in behavioural avoidance of feared movements/activ-

ities which can be adaptive in the short term but

leads to functional disability in the long term (Trost

et al., 2012; Vlaeyen and Linton, 2012).
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Experimental, cross-sectional and prospective studies

in clinical populations as well as clinical analogue

studies found support for the fear-avoidance model,

mainly focusing on the development of pain-related

fear and anxiety in chronic pain (Crombez et al.,

1999, 2012; Leeuw et al., 2007; Zale et al., 2013).

Despite its prominent role in the model, the study of

actual behavioural changes following acquisition of

pain-related fear has received far less attention.

It has been proposed that individuals with pain-

related fear alter the way in which they move, possi-

bly with the goal to avoid pain (Thomas and France,

2007). Such adaptations of motor behaviour might

increase the risk for subsequent injury, explaining

the relationship between pain-related fear and dis-

ability. Indeed, there is evidence that patients with

low back pain avoid motion of the lumbar spine and

demonstrate reduced velocity and acceleration when

performing reaching movements (Thomas and

France, 2007; Thomas et al., 2008a). However, the

aforementioned studies are correlational and to our

knowledge, no study thus far has investigated

changes in motor behaviour following experimen-

tally induced acquisition of pain-related fear in

pain-free participants.

The current study presents a novel, ecologically

valid and flexible paradigm using the HapticMaster,

which is a 3-degrees of freedom (right/left, down/up

and back/forward), force-controlled robotic arm. Our

goal was to explore changes in motor behaviour fol-

lowing acquisition of pain-related fear in pain-free

participants. We examined speed (i.e. velocity and

acceleration) and the direction of the movement (i.e.

force direction). In addition, we also measured the

force with which participants direct their movements

(Van der Linde and Lammertse, 2002).

We developed a novel, pain-relevant fear condi-

tioning paradigm, in which the HapticMaster was

used to perform circular movements in the horizon-

tal plane which served as conditioned stimuli (CSs),

and a painful electrocutaneous stimulus served as

the unconditioned stimulus (pain-US). One move-

ment direction (e.g. clockwise) (CS+) was paired

with the pain-US, whereas the other (e.g. counter-

clockwise) was not (CS�). It has been shown previ-

ously that pain-related fear can be acquired through

associative learning, using joystick movements

(Meulders et al., 2011).

We hypothesized that the CS+ elicits increased (1)

pain-related fear (e.g. higher self-reported fear) and

(2) avoidance tendencies (i.e. more self-reported

urge to avoid) compared with the CS�. More impor-

tantly, we expected (3) changes in motor behaviour

following fear acquisition. Specifically, we expected

differences between movements associated with pain

and movements not associated with pain with regard

to velocity, acceleration, exerted force and force

direction. Considering the lack of prior research in

this area, we do not make specific predictions about

the direction of these changes. Lastly, we expect that

the aforementioned differences (4) diminish during

the extinction phase when the pain-US it omitted.

2. Methods

2.1 Participants

Twenty pain-free individuals (12 females; mean

age � SD (range) = 22.15 � 1.93 (19–28) years)

participated in the present study. Three participants

were left-handed. Individuals with heart disease,

chronic or acute pain (anywhere in the body), cur-

rent or past diagnosis of depression or anxiety disor-

ders, chronic or acute respiratory problems,

neurological disorders (e.g. epilepsy), pregnancy,

severe joint or muscle problems or the presence of

any other severe medical condition were excluded

from participation in this study. Participants received

either 2.5 course credits or a financial remuneration

of €7.50 for their participation. The experimental

protocol was approved by the Ethical Review Com-

mittee of the Faculty of Psychology and Neuro-

science, Maastricht University, Maastricht, The

Netherlands (registration number: ECP-111

12_02_2012).

2.2 Apparatus and experimental stimuli

2.2.1 HapticMaster

The HapticMaster (HM) (see Fig. 1) is a force con-

trolled robot arm (Moog Inc. FCS Robotics, East Aur-

ora, NY, USA) (Van der Linde and Lammertse,

2002). It has 3-degrees of freedom and it allows for

a wide range of movement. Additionally, the HM

has a force controlled haptic interface that allows

simulating weight and force and can thus mimic

real-life, pain-relevant movements thereby increas-

ing ecological validity. In addition, the HM allows

for the precise measurement of behavioural indices,

such as velocity, acceleration and force. Specifically,

it is possible to study the changes in these beha-

vioural indices following pain-related fear acquisi-

tion.

In the current study, participants were asked to

perform fixed, circular (r = 12.5 cm) movements in
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a horizontal plane with the HM (see Fig. 1). Note

that the HM allows for movements in all directions

but for the purpose of this experiment, movements

were restricted to the horizontal plane and a fixed

circular movement trajectory in a clockwise or coun-

terclockwise fashion. The starting location of the cir-

cular movement was indicated by haptic feedback.

Movement direction served as conditioned stimulus

(CS), with one movement direction (CS+; e.g. coun-
terclockwise) being consistently paired (100% rein-

forcement) with a painful electrocutaneous stimulus

(pain-US), whereas the other movement direction

(CS�; e.g. clockwise) was never paired with the

pain-US. Which movement direction served as the

CS+ was counterbalanced across participants. The

beginning of a new trial was indicated by an audi-

tory starting signal. The inter-trial interval (ITI) was

10 s.

2.2.2 Painful unconditioned stimulus (pain-US)

An electrocutaneous stimulus of 2 ms duration

served as the pain-US. The stimuli were generated

by a constant current stimulator (DS7A, Digitimer,

Welwyn Garden City, UK) and delivered to the wrist

of the dominant hand through two 1-cm surface Ag/

AgCl EMG electrodes filled with K-Y gel (Johnson &

Johnson, New Brunswick, NJ, USA). Note that a cal-

ibration procedure was carried out to determine the

individual pain tolerance level for each participant

(see Section 2.6).

2.2.3 Software

The experiment was run on a computer (HP Compaq

8200 Elite SFF) with Windows 7 Professional with

an Intel� CoreTM i5-2500 Processor. Synchronization

between the HM and the Digitimer constant current

stimulator was performed using dedicated software

programmed in C++ by R.P.G.G., linking the HM

arm position and the pulse occurrence in time. All

data recording and processing was performed using a

commercial software package (MATLAB version, The

MathWorks Inc., Natick, MA, USA, 2000).

2.3 Procedure

The experiment was conducted during a single 60-

min session at the movement laboratory of Adelante

Rehabilitation Centre (Hoensbroek, The Netherlands)

and consisted of the following phases: Preparation,

practice, calibration, acquisition and extinction. A

differential conditioning paradigm was employed

(see Table 1). Participants performed 10 blocks of 8

movements each, with all movements within a block

either in clockwise or counterclockwise fashion.

Each participant was randomly assigned to one of

four possible block randomizations to control for

order effects (see Supporting Information Table S1).

The order of CS+ and CS� movement blocks was

the same in the acquisition and extinction phase.

2.4 Preparation phase

Upon arrival in the lab, participants received detailed

information about the experiment and provided

informed consent and demographic information.

Exclusion criteria were checked by means of self-

report. No participants were excluded based on these

exclusion criteria. Subsequently, the length of the

participant’s dominant arm was measured from the

acromioclavicular joint (top of the shoulder/collar

bone) to the finger tips (M = 73.25 cm; SD = 4.75;

range = 63–81), in order to adjust the distance of

the chair to the HM. Participants were seated on a

chair in a cubicle, which was individually adjusted

so that both feet were on the ground with the knees

in angle of approximately 90°. The chair was posi-

tioned (and locked) such that the shoulder and

elbow of the participant were in line with the centre

A B

Figure 1 Overview of the HapticMaster (A) and one of the circular movements (B; a counterclockwise movement). During CS+ acquisition trials,

the pain-US was administered when the hand crossed at 180° of the movement.
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of the circle. An elastic belt was positioned around

the waist of the participant as a reminder to keep

the back straight against the backrest of the chair. To

help focus the participant’s attention on propriocep-

tive information rather than on visual information,

the participants were blindfolded. This allowed us to

test whether pain-related fear can be acquired with-

out any visual information.

2.5 Practice phase

During the practice phase, participants performed 2

blocks of 8 movements each (one block clockwise

movements; one block counterclockwise movements;

in counterbalanced order). Participants were verbally

instructed to perform circular movements as accurately

as possible after hearing the starting signal indicating

the beginning of a trial. During this phase participants

were blindfolded and no pain-USs were administered.

2.6 Calibration phase

Subsequently, the intensity of the electrocutaneous

stimulus (pain-US) was individually determined.

After placing the electrodes on the wrist of the domi-

nant hand of the participant, the experimenter

administered a series of electrocutaneous stimuli,

starting with a low intensity and increasing stepwise.

The participant rated each stimulus on an 11-point

Likert scale ranging from ‘I felt nothing’ to ‘Worst

pain I can imagine’. We aimed for a stimulus with a

subjective rating of ‘8’ (mean stimulus rat-

ing � SD = 8.30 � 0.83; range 5.5–9), namely a

stimulus that is moderately painful and demanding

some effort to tolerate (mean stimulus inten-

sity � SD = 66.25 � 22.8 mA; range 28–97 mA).

Before the start of the acquisition phase, the experi-

menter informed the participants that the chosen

stimulus intensity would be the maximum intensity

administered during the remainder of the

experiment. Note that during this phase, the partici-

pant was not blindfolded.

2.7 Acquisition phase

After the calibration phase, the participant was

blindfolded again. Participants performed four blocks

(2 clockwise, 2 counterclockwise) of 8 movements.

The acquisition phase was identical to the practice

phase, except that the pain-US was delivered at 180°
(i.e. halfway through the circle) after the starting

position during CS+ movements. The movement

direction that was paired with the pain-US was

counterbalanced across participants. After each

block, participants rated their pain-related fear and

their urge to avoid the movement (see Section 2.9.1).

2.8 Extinction phase

The extinction phase was identical to the acquisition

phase, consisting of 4 blocks (2 clockwise, 2 counter-

clockwise; same order as in the acquisition phase) of

8 trials each. The only difference was that no pain-

USs were administered anymore. At the end of this

phase, participants were debriefed, received their

compensation and were dismissed.

2.9 Primary outcomes

2.9.1 Self-report measures

After each acquisition and extinction block, partici-

pants answered two questions, which retrospectively

assessed how they felt during the performance of the

movements: (1) ‘To what extent were you afraid that

the movement was going to be painful?’ (pain-related

fear) and (2) ‘How strongly did you want to avoid this

movement?’ (urge to avoid). Both questions were

scored on an 11-point Likert scale ranging from ‘not

at all’ (0) to ‘very much’ (10).

2.9.2 Kinematic parameters

2.9.2.1 Velocity (v, m/s). The HM logs the position of

the robotic arm in x and y direction across time, with

a sample frequency of 300–400 Hz, allowing for

computation of movement velocity.

2.9.2.2 Acceleration (a, m/s2). Similarly, change in

velocity across time was calculated. A positive value

indicates acceleration, whereas a negative value

indicates deceleration.

Table 1 Study design (total N = 20).

Practice phase Acquisition Extinction

PRC

2 blocks of 8 trials

ACQ1-4

4 blocks of 8 trials

EXT1-4

4 blocks of 8 trials

8 9 CS+

8 9 CS�
2 9 8 CS+ (with pain-US)

2 9 8 CS�
2 9 8 CS+

2 9 8 CS�

CS+ and CS�, respectively, refer to the movement that is paired with

the pain-US during acquisition (100% reinforcement), and the move-

ment that is never paired with the pain-US. The suffix ‘with pain-US’ is

used to indicate which CS+ movements were followed by a pain-US,

i.e. during the acquisition phase. Block presentation was randomized

within each phase.
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2.9.2.3 Force (F, N). In addition to the position, a force

sensor in the HM logs the exerted force in the

horizontal plane, i.e. in the x and y direction with a

sample frequency of 300–400 Hz.

2.9.2.4 Angle difference (degrees, °). For each point on

the movement circle, the direction of the resultant

force produced in the horizontal plane was

calculated from the forces in x and y direction

recorded by the HM. Next, the difference between

the direction of the resultant force and the ‘ideal

force’ direction, i.e. the force perpendicular to the

radius of the circle, was calculated for each point on

the circle. This measure gives an indication of how

accurate the subjects were in following the

predefined circular path. Avoidance tendencies

might affect the accuracy of participants’ movements

(e.g. accuracy would be lower if a participant tries to

deviate from the predefined path).

2.10 Data preparation and statistical analyses

For the data analysis of the kinematic variables, the

movement circle (see Fig. 1) was subdivided into

four quadrants: Quadrant 1 (Q1, 0–90° with respect

to starting location), Quadrant 2 (Q2, 90–180°),
Quadrant 3 (Q3, 180–270°) and Quadrant 4 (Q4,

270–360°). Considering the anticipatory nature of

fear and avoidance (Krypotos et al., 2015) and to

rule out the effects of the pain-US itself on the beha-

vioural indices, we focused our analyses on the first

two quadrants of the movement circle. In order to

differentiate between the initiation/beginning of the

movement and the movement period just prior to

the pain-US, we included quadrant as a factor in the

analyses. Note that this decision was made prior to

data analysis. For the sake of completeness, we

report all behavioural variables also for Q3 and Q4

(see Supporting Information Table S2), even though

our analyses focus on Q1 and Q2. All kinematic vari-

ables were averaged across quadrants per block.

For the self-report measures, a 2 9 2 [Movement

direction (CS+/CS�) 9 Block (ACQ1/ACQ2)]

Repeated Measures (RM) ANOVA was run to test for

acquisition effects. Similarly, to test for extinction

effects a 2 9 3 [Stimulus Type (CS+/CS�) 9 Block

(ACQ2/EXT1/EXT2)] RM ANOVA was run. For the

behavioural variables, a 2 9 2 9 3 [Stimulus Type

(CS+/CS�), 9 Quadrant (Q1/Q2) 9 Block (PRC/

ACQ1/ACQ2)] RM ANOVA was run to test for

acquisition effects. To test for extinction effects, a

2 9 2 9 3 [Stimulus Type (CS+/CS�) 9 Quadrant

(Q1/Q2) 9 Block (ACQ2/EXT1/EXT2)] RM ANOVA

was run. Note that ACQ1 refers to the first CS+ and

CS� blocks, ACQ2 refers to the second CS+ and CS�
block and so forth. Based on the randomization

schedule (see Supporting Information Table S1), all

participants had one CS+ and one CS� block each

during ACQ1, ACQ2, EXT1 and EXT2. Uncorrected

degrees of freedom and corrected p-values are

reported together with e and the effect size indica-

tion g2
p . Planned comparisons were carried out to

test our a priori hypotheses. Holm–Bonferroni was

used to correct for multiple testing and keep the

experiment-wise a at 0.05 (Holm, 1979). All statisti-

cal analyses were run using Statistica 12 (StatSoft,

Inc, Tulsa, OK, USA).

3. Results

3.1 Self-report measures

3.1.1 Pain-related fear

Overall, participants reported more fear following

CS+ movements than CS� movements during acqui-

sition, Stimulus Type, F(1,19) = 5.85, p < 0.05,

g2
p ¼ 0:24, indicating successful differential fear

acquisition. Moreover, participants’ fear reports

increased during acquisition: Block, F(1,19) = 7.33,

p < 0.05, g2
p ¼ 0:28. However, the difference in fear

ratings between CS+ and CS� movements did not

change across time: Block 9 Stimulus Type,

F(1,19) = 3.27, p = 0.09, g2
p ¼ 0:15 (see Fig. 2). Since

pain-related fear was assessed after every block, the

results indicate that participants already learned the

difference between CS+ and CS� movements after

ACQ1.

Subsequently, we investigated extinction effects.

Overall, fear ratings decreased during extinction,

Block, F(2,18) = 1.36, p < 0.05, g2
p ¼ 0:40, but

planned comparisons indicated that participants were

still more afraid of CS+ movements than CS� move-

ments at the end of extinction, F(1,19) = 6.29,

p < 0.05. The interaction between block and stimu-

lus type was not significant, Block 9 Stimulus Type,

F(2,38) = 2.02, p = 0.15, g2
p ¼ 0:10.

3.1.2 Urge to avoid

Overall, participants indicated more urge to avoid

CS+ than CS� movements, Stimulus Type,

F(1,19) = 21.83, p < 0.01, g2
p ¼ 0:54. Similarly, avoid-

ance ratings increased across time, Block,

F(1,19) = 4.73, p < 0.05, g2
p ¼ 0:20. As expected,

1436 Eur J Pain 21 (2017) 1432--1442 © 2017 European Pain Federation - EFIC�
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differences in the desire to avoid the CS+ and CS�
movements increased during acquisition,

Block 9 Stimulus Type, F(1,19) = 5.75, p < 0.05,

g2
p ¼ 0:23 (see Fig. 2). In line with our hypothesis,

planned comparisons indicated that participants

wanted to avoid movements associated with pain

more than movements not associated with pain at

the end of acquisition, F(1,19) = 23.12, p < 0.001.

As we expected, the difference in the desire to

avoid the CS+ and CS� movements significantly

decreased across extinction, Block 9 Stimulus Type,

F(2,38) = 18,71, p < 0.001, g2
p ¼ 0:50. Planned com-

parisons confirm that the aforementioned differences

at the end of acquisition were not present anymore

at the end of extinction, F(1,19) = 2.19, p = 0.16,

indicating successful extinction.

3.2 Behavioural outcomes

3.2.1 Velocity

The difference in velocity between CS+ and CS�
movements increased across the acquisition phase,

independent of quadrant, Block 9 Stimulus Type,

F(2,18) = 12.06, p < 0.001, g2
p ¼ 0:57 (see Fig. 3).

Planned comparisons indicate that by the end of

acquisition, CS+ movements were carried out faster

than CS� movements, F(1,19) = 48.31, p < 0.001.

Moreover, change in velocity differed across the two

quadrants, Block 9 Quadrant, F(2,18) = 16.21,

p < 0.001.

During the extinction phase, the difference in

velocity between CS+ and CS� movements disap-

peared, Block 9 Stimulus Type, F(2,18) = 9.51,

p < 0.01, g2
p ¼ 0:51. Planned comparisons indicated

that at the end of the extinction phase there was no

longer a difference in velocity between CS+ and CS�
movements, F < 1.

In summary, participants performed movements

associated with pain overall faster than movements

not associated with pain. This difference in velocity

diminished during the extinction phase.

3.2.2 Acceleration

With regard to acceleration, differential acquisition

patterns differed based on movement quadrant,

Block 9 Stimulus Type 9 Quadrant, F(2,18) = 9.74,

p < 0.01, g2
p ¼ 0:52 (see Fig. 4). Consequently, we

investigated differential acquisition separately per

quadrant. Pairwise comparisons indicate that in Q1,

CS+ movements were associated with more accelera-

tion than CS� movements at the end of acquisition,

F(1,19) = 9.44, p < 0.01. In contrast, in Q2 we

observe the opposite pattern: CS+ movements are

associated with deceleration compared to CS� move-

ments, F(1,19) = 4.88, p < 0.05.

Consequently, also the extinction patterns differed

between the two quadrants, Block 9 Stimulus

Type 9 Quadrant, F(2,18) = 4.7, p < 0.05, g2
p ¼ 0:34.

However, planned comparisons indicated that the

differences between CS+ and CS� movements were

eliminated by the end of extinction in both Q1,

F < 1, and Q2, F < 1.

In summary, participants showed increased accel-

eration during the beginning (Q1) of pain-related

movements but slowed down immediately before

the location where the painful stimulus was deliv-

ered (Q2). These findings are only partly in line with

the velocity results, which showed increased move-

ment speed across Q1 and Q2 during movements

associated with pain. So despite slowing down prior

A B
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Figure 2 Self-reported mean (+SEs) pain-related fear (A) and urge to avoid the movement (B) during acquisition (ACQ1/ACQ2) and extinction

(EXT1/EXT2) for movements associated with pain (CS+) and movements not associated with pain (CS�). Note: SE, standard error term based on

mixed analyses estimates.
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to the location of the pain-US, participants still move

overall faster than during the movement that was

never associated with pain.

3.2.3 Force

There was no evidence for differential acquisition

with regard to exerted force, Block 9 Stimulus

Type 9 Quadrant, F(2,18) = 1.8, p = 0.19, g2
p ¼ 0:17

(see Fig. 5). We conducted planned comparisons at

the end of acquisition. Here we did find evidence for

differential acquisition: CS+ movements tended to be

performed with more force than CS� movements,

F(1,19) = 4.84, p < 0.05.

In addition, force production across time differed

between the two quadrants, Block 9 Quadrant,

F(2,18) = 6.27, p < 0.01, g2
p ¼ 0:41. Consequently,

analyses were run for each quadrant separately.

There were no significant main or interaction effects

in Q1 (all F < 1), but overall force production

increases across time in Q2, Block, F(2,18) = 6.69,

p < 0.01, g2
p ¼ 0:43.

Following the evidence for differential acquisition,

we also investigated extinction. We observed suc-

cessful extinction, Block 9 Stimulus Type,

F(2,18) = 4.02, p < 0.05, g2
p ¼ 0:31. Planned compar-

isons indicate that there were no longer differences

in exerted force between CS+ and CS� movements

by the end of extinction, F(1,19) = 0.35, p = 0.56.

In summary, these findings are in line with the

velocity results, indicating that movements associ-

ated with pain are performed with more force than

movements that are not associated with pain and

that this difference disappears during the extinction

phase.

3.2.4 Angle difference

With regard to angle difference, the difference

between CS+ and CS� movements seems to depend
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Figure 3 Mean velocity (in m/s) (+SEs) during acquisition (ACQ1/ACQ2) and extinction (EXT1/EXT2) for movements associated with pain (CS+) and

movements not associated with pain (CS�), in quadrants 1 (Q1, A) and 2 (Q2, B). Note: SE, standard error term based on mixed analyses

estimates.
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on the quadrant, Quadrant 9 Stimulus Type,

F(1,19) = 4.72, p < 0.05, g2
p ¼ 0:20 (see Fig. 6). In Q1,

planned comparisons indicated that by the end of

acquisition CS+ movements were associated with a

smaller angle difference than CS� movements,

F(1,19) = 5.07, p < 0.05, although this effect is no

longer statistically significant when Holm-Boferroni

correction is applied. In Q2, there was no difference

between CS� and CS+ movements at the end of

acquisition, F(1,19) < 1, p = 0.48.

Overall, angle difference decreased during extinction,

Block, F(2,18) = 3.75, p < 0.05, g2
p ¼ 0:29, and angle

difference was larger in Q2 compared to Q1, Quad-

rant, F(1,19) = 13.69, p < 0.01, g2
p ¼ 0:42.

In conclusion, the start of movements associated

with pain (Q1) was performed more accurately (i.e.

smaller angle difference) than movements that were

not associated with pain, whereas there was no

difference in performance between these movements

immediately prior to the point where the painful

stimulus was administered (Q2).

4. Discussion

The current study introduced a novel paradigm using

the HapticMaster (HM), a force feedback robotic arm,

to study changes in motor behaviour following the

acquisition of pain-related fear using a fear condition-

ing paradigm. We hypothesized that pairing a move-

ment (CS+) with pain would lead to (1) the

acquisition of pain-related fear, (2) the acquisition of

avoidance tendencies and, (3) changes in motor beha-

viour, specifically in velocity, acceleration, exerted

force and force direction. In addition, we hypothe-

sized that (4) these differences would diminish when

the movement is no longer paired with the pain-US.
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We found support for hypothesis 1: Participants

reported increased pain-related fear in response to

movements that were paired with a painful electro-

cutaneous stimulus compared to movements that

were never paired with such a stimulus. This

extends the findings by Meulders et al. (2011) by

showing that fear of movement-related pain can be

acquired via associative learning pathways, even

when participants could not rely on visual feedback.

We also found support for hypothesis 2 and hypothe-

sis 4: Participants reported a higher urge to avoid

movements associated with pain than movements

not associated with pain. In addition, we showed

complete extinction for the urge to avoid but only

partial extinction for pain-related fear, when the

CS+ movement was no longer paired with a painful

stimulus. In other words, although the desire to

avoid movements associated with pain fully extin-

guished when the movement was no longer paired

with pain, participants still indicated higher fear for

formerly painful movements. Consequently, it might

be worthwhile to include avoidance ratings in future

research investigating differential fear acquisition, in

order to distinguish between beliefs about the threat

value of movements versus the behavioural inten-

tions regarding these movements.

Third and most importantly, we were interested if

the acquisition of pain-related fear would lead to

changes in motor behaviour. To this end we assessed

velocity, acceleration, exerted force and force direc-

tion. We found support for hypothesis 3: Movements

that had been paired with pain were performed dif-

ferently than movements that had never been asso-

ciated with pain. Specifically, movements associated

with pain were performed faster, more forcefully

and more accurately than movements not associated

with pain.

This finding is noteworthy for several reasons: We

demonstrated changes in motor behaviour, despite

the fact that pain in this study was unavoidable and

inescapable. That is, even though participants could

not actually avoid pain, they still adapted their

movement pattern following fear acquisition. This

finding fits with the current idea that emotions such

as fear are primarily action tendencies (Krypotos

et al., 2013). In this case, a feared CS per definition

also produces avoidance tendencies, even if the

threatening US cannot be avoided or be escaped

from (Krypotos et al., 2013, 2015; Volders et al.,

2015). Krypotos et al. (2013) have shown previously

that such tendencies can be acquired by mere asso-

ciative learning and are sensitive to Pavlovian

extinction. Our current findings support this notion.

Alternatively, it could be speculated that, because

participants had no option to actually avoid the pain-

US, they employed a ‘get it over and done with’ logic

and completed the movement as quickly and accu-

rately as possible. In the context of threat-imminence

and defense-cascade models (Hagenaars et al., 2014;

Krypotos et al., 2015), this behaviour could be con-

ceptualized as escape behaviour intended to minimize

the harmful event (i.e. the painful movement) (Low

et al., 2015). According to these models, an ongoing

threat (e.g. performing a painful movement) would

elicit an escape/flight response, whereas the anticipa-

tion of an imminent threat (e.g. anticipation of a pain-

ful movement) would elicit avoidance behaviour.

However, technically speaking, the behaviour dis-

played here cannot be described as genuine escape

behaviour, because the behaviour cannot terminate

an ongoing noxious stimulus (pain-US). Rather, it

minimizes the duration of the painful, aversive

movement (CS+). Moreover, it should be stressed

that we tested the response of pain-free participants

to an acute pain stimulus. In this sense, changes in

motor behaviour might be adaptive and whether

they are indicative for clinically relevant escape or

avoidance behaviour in the context of chronic pain

remains to be seen.

Similarly, our findings differ from previous

research investigating changes in motor behaviour in

clinical samples (Thomas et al., 2008a,b). Whereas

other studies showed that patients with low back

pain perform feared movements slower, possibly to

avoid harm, we found the opposite pattern: Pain-free

participants performed movements associated with

pain faster, more forcefully and more accurately

than movements not associated with pain. This dif-

ference might indicate a more adaptive change in

motor behaviour in response to pain in pain-free

participants compared to a clinical sample.

Similarly, and in support of hypothesis 4, we found

that these changes in motor behaviour are sensitive

to extinction, indicating a flexible, adaptive response

to painful movements: When movements that were

formerly associated with pain were no longer paired

with the pain-US, differences in motor behaviour

diminished as well. In this sense, a flexible adjust-

ment of movement based on experiences with pain

might be adaptive, whereas a prolonged and inflexi-

ble change in motor behaviour might aid in the

development and maintenance of chronic pain and

associated disability (Vlaeyen and Linton, 2000; Tho-

mas et al., 2008a). However, since the current study

focused on pain-free participants and their response

to phasic experimental pain, this is speculative.
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There are a few important strengths about the cur-

rent experiment and the paradigm itself. First and

foremost, we have demonstrated that the acquisition

of pain-related fear in pain-free participants leads to

changes in motor behaviour and that these changes

diminish when a movement is no longer associated

with pain. Second, we have shown that the HM can

be used to experimentally study the acquisition and

extinction of pain-related fear. We showed that

pain-related fear can be acquired based on haptic

feedback alone, representing a cross-paradigm repli-

cation of earlier studies (Meulders et al., 2011).

Third, the use of the HM allows the combination of

self-report with relevant behavioural measures and

possibly physiological measures, allowing us to scruti-

nize the dynamic interplay of behavioural and psy-

chophysiological protective responses related to pain-

related fear. To our knowledge, this was one of the

first studies to directly assess changes in motor beha-

viour following acquisition of pain-related fear. In the

future, the HM could be used to measure and quantify

clinically relevant indicators of protective behaviour

such as guarding (van der Hulst et al., 2010), safety

seeking behaviour (Tang et al., 2007) or avoidance/

escape behaviour (Dannecker and George, 2009).

Fourth, the presented paradigm has the unique

potential to create ecologically valid experimental

manipulations. For instance, the HM allows for

movements in three-dimensional space and it can be

combined with virtual reality in order to create (clin-

ically) meaningful and immersive environments and

settings (e.g. reaching for or lifting virtual objects).

This has already been done in the context of rehabil-

itation (Houtsma and Van Houten, 2006; Timmer-

mans et al., 2014), demonstrating the clinical utility

of the HM. The possibility to precisely capture

numerous behavioural variables also demonstrates

the usefulness of the HM in experimental pain

research or treatment outcome research. The present

study is a first step in this direction.

Some limitations of the present study should be

considered as well. First, the movements in the cur-

rent study were limited to the horizontal plane and

participants were not able to deviate from a prede-

fined, circular path and to actually avoid the pain-

US. While this might limit ecological validity, it

allowed us to test whether there is a change in

motor behaviour following fear acquisition indepen-

dent of instrumental reinforcement (e.g. fear reduc-

tion), which indeed turned out to be the case.

Future studies could remedy this by increasing the

degrees of freedom during the movements (e.g.

three-dimensional space without a predefined path)

(see also Meulders et al., 2016). Third, since there

was very little prior research on changes in motor

behaviour following fear acquisition in the context

of pain, the analyses in the present study are explo-

rative and interpretations are speculative, with the

aim to inform future research. In addition, the sam-

ple size was relatively small, meaning that the results

presented here should be replicated and interpreted

with caution. Fourth, it should be noted that in the

present study, trial type was blocked. That is, a single

block only consisted of either CS+ or CS� trials. As a

consequence, one might expect that learning rates

differ in comparison to studies which used an inter-

mixed trial procedure, such as in Meulders et al.

(2011). Even though differential learning of pain-

related fear at the end of blocks was similar to stud-

ies using an intermixed trial procedure, the underly-

ing learning process itself might differ (L�opez et al.,

1998). Unfortunately, since the present study did

not include any online measurements during blocks,

we cannot directly investigate these differences.

In summary, the present study shows promising

evidence for a new method to study pain-related

fear and associated changes in motor behaviour. We

successfully employed the HM in a pain-relevant fear

conditioning paradigm, investigating the acquisition

and extinction of pain-related fear and associated

changes in motor behaviour using self-report and

behavioural outcome measures. Movements that

were associated with pain were also associated with

increased levels of self-reported fear and desire to

avoid and interestingly, changes in motor behaviour

such as increased speed, exerted force and accuracy.

Future studies could adapt this paradigm to study

generalization of pain-related fear (Meulders et al.,

2013), add physiological outcome measures (e.g. eye

blink startle), study clinical populations and increase

the ecological validity of the paradigm by means of

virtual reality and using the three-dimensional

movement space. Especially, considering the lack of

valid experimental paradigms to study changes of

motor behaviour in the context of pain, the use of

robot-generated force feedback seems a promising

new avenue to investigate the effect of acute and

chronic pain on several behavioural variables in an

ecologically valid and clinically relevant setting.

Acknowledgements

The authors thank D.E. Smid and M. S. A. Janssen for

their help during the recruitment and data collection phase

of this study. They also thank M. Franssen for his help

during data analysis.

© 2017 European Pain Federation - EFIC� Eur J Pain 21 (2017) 1432--1442 1441

K. Karos et al. Pain-related fear and motor behaviour



Author contributions

All the authors discussed the results and commented on

the manuscript.

References

Crombez, G., Vlaeyen, J.W.S., Heuts, P.H.T., Lysens, R. (1999). Pain-

related fear is more disabling than pain itself: Evidence on the role of

pain-related fear in chronic back pain disability. Pain 80, 329–339.
Crombez, G., Eccleston, C., Van Damme, S., Vlaeyen, J.W.S., Karoly, P.

(2012). Fear-avoidance model of chronic pain: The next generation.

Clin J Pain 28, 475–483.
Dannecker, E.A., George, S.Z. (2009). A comparison of laboratory

measures of escape and avoidance behavior. J Pain 10, 53–59.
Hagenaars, M.a., Oitzl, M., Roelofs, K. (2014). Updating freeze:

Aligning animal and human research. Neurosci Biobehav Rev 47C,

165–176.
Holm, S. (1979). A simple sequentially rejective multiple test

procedure. Scand J Stat 6, 65–70.
Houtsma, J.A., Van Houten, F.J.A.M. (2006). Virtual reality and a

haptic master-slave set-up in post-stroke upper-limb rehabilitation.

Proc Inst Mech Eng H J Eng Med 220, 715–718.
van der Hulst, M., Vollenbroek-Hutten, M.M., Rietman, J.S., Schaake,

L., Groothuis-Oudshoorn, K.G., Hermens, H.J. (2010). Back muscle

activation patterns in chronic low back pain during walking: A

“guarding” hypothesis. Clin J Pain 26, 30–37.
Krypotos, a.-M., Effting, M., Arnaudova, I., Kindt, M., Beckers, T.

(2013). Avoided by association: Acquisition, extinction, and renewal

of avoidance tendencies toward conditioned fear stimuli. Clin Psychol

Sci 2, 336–343.
Krypotos, A.-M, Effting, M., Kindt, M., & Beckers, T., (2015).

Avoidance learning: a review of theoretical models and recent

developments. Frontiers in Behavioral Neuroscience, 9, 1–16.
Retrieved from http://journal.frontiersin.org/article/10.3389/fnbeh.

2015.00189

Leeuw, M., Goossens, M.E.J.B., Linton, S.J., Crombez, G., Boersma, K.,

Vlaeyen, J.W.S. (2007). The fear-avoidance model of musculoskeletal

pain: Current state of scientific evidence. J Behav Med 30, 77–94.
L�opez, F.J., Shanks, D.R., Almaraz, J., Fern�andez, P. (1998). Effects of

trial order on contingency judgments: A comparison of associative

and probabilistic contrast accounts. J Exp Psychol Learn Mem Cogn 24,

672–694.
L€ow, A., Weymar, M., Hamm, A. O. (2015). When Threat Is Near, Get

Out of Here. Psychological Science 26(11), 1706–1716. http://doi.org/10.
1177/0956797615597332

Meulders, A., Vansteenwegen, D., Vlaeyen, J.W.S. (2011). The

acquisition of fear of movement-related pain and associative learning:

A novel pain-relevant human fear conditioning paradigm. Pain 152,

2460–2469.
Meulders, A., Vandebroek, N., Vervliet, B., Vlaeyen, J.W.S. (2013).

Generalization gradients in cued and contextual pain-related fear:

An experimental study in healthy participants. Front Hum Neurosci 7,

345.

Meulders, A., Franssen, M., Fonteyne, R., & Vlaeyen, J.W.S. (2016).

Acquisition and extinction of operant pain-related avoidance

behavior using a 3 degrees-of-freedom robotic arm. PAIN 157(5),

1094–1104. http://doi.org/10.1097/j.pain.0000000000000483
Tang, N.K.Y., Salkovskis, P.M., Poplavskaya, E., Wright, K.J., Hanna,

M., Hester, J. (2007). Increased use of safety-seeking behaviors in

chronic back pain patients with high health anxiety. Behav Res Ther

45, 2821–2835.
Thomas, J.S., France, C.R. (2007). Pain-related fear is associated with

avoidance of spinal motion during recovery from low back pain.

Spine (Phila Pa 1976) 32, E460–E466.
Thomas, J.S., France, C.R., Lavender, S.a., Johnson, M.R. (2008a).

Effects of fear of movement on spine velocity and acceleration

after recovery from low back pain. Spine (Phila Pa 1976) 33,

564–570.
Thomas, J.S., France, C.R., Sha, D., Vander Wiele, N. (2008b). The

influence of pain-related fear on peak muscle activity and force

generation during maximal isometric trunk exertions. Spine (Phila Pa

1976) 33, E342–E348.
Timmermans, A.A., Lemmens, R.J., Monfrance, M., Geers, R.P., Bakx,

W., Smeets, R.J., Seelen, H.A. (2014). Effects of task-oriented robot

training on arm function, activity, and quality of life in chronic

stroke patients: A randomized controlled trial. J Neuroeng Rehabil 11,

45.

Trost, Z., France, C.R., Sullivan, M.J., Thomas, J.S. (2012). Pain-related

fear predicts reduced spinal motion following experimental back

injury. Pain 153, 1015–1021.
Van der Linde, R., Lammertse, P. (2002). The HapticMaster, a new

high-performance haptic interface. Proc. Eurohaptics, 1–5.
Vlaeyen, J.W.S., Linton, S.J. (2000). Fear-avoidance and its

consequences in chronic musculoskeletal pain: A state of the art. Pain

85, 317–332.
Vlaeyen, J.W.S., Linton, S.J. (2012). Fear-avoidance model of chronic

musculoskeletal pain: 12 years on. Pain 10–13.
Volders, S., Boddez, Y., De Peuter, S., Meulders, A., Vlaeyen, J.W.S.

(2015). Avoidance behavior in chronic pain research: A cold case

revisited. Behav Res Ther 64, 31–37.
Zale, E.L., Lange, K.L., Fields, S.a., Ditre, J.W. (2013). The relation

between pain-related fear and disability: A meta-analysis. J Pain 14,

1019–1030.

Supporting Information

Additional Supporting Information may be found online in

the supporting information tab for this article:

Table S1. The four possible block-randomization schemes.

Table S2. Kinematic data in the four quadrants.

1442 Eur J Pain 21 (2017) 1432--1442 © 2017 European Pain Federation - EFIC�

Pain-related fear and motor behaviour K. Karos et al.

http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00189
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00189
http://doi.org/10.1177/0956797615597332
http://doi.org/10.1177/0956797615597332
http://doi.org/10.1097/j.pain.0000000000000483

