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During self-induced pain, a copy of the motor information from the body's own movement
may help predict the painful sensation and cause down-regulation of pain. This phenomenon,
called sensory attenuation, enables the distinction between self-produced stimuli versus
stimuli produced by others. Sensory attenuation has been shown to occur also during
imagined self-produced movements, but this has not been investigated for painful sensations.
In the current study, the pressure pain thresholds of 40 healthy participants aged 18-35 years
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were assessed when pain was induced by the experimenter (other), by themselves (self), or by
the experimenter while imagining the pressure to be self-induced (imagery). The pressure
pain was induced on the participants left lower thigh (quadriceps femoris) using a hand-held
algometer. Significant differences were found between all conditions: other and self (P <
0.001), other and imagery (P < 0.001), and self and imagery (P = 0.004). The mean pressure

D

pain threshold for other was 521.49 kPa (SE = 38.48), for self 729.57 kPa (SE = 32.32), and
for imagery 618.88 kPa (SE = 26.67). Thus, sensory attenuation did occur both in the self and
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the imagery condition. The results of this study may have clinical relevance for understanding
the mechanisms involved in the elevated pain thresholds seen in patients with self-injury
behavior and the low pain thresholds seen in patients with chronic pain conditions. Imagery of
sensory attenuation might also be used to alleviate the pain experience for patients undergoing

C
EP

procedural pain.

Keywords: sensory attenuation; self-inflicted pain; imagery; efference copy; forward models;
pain thresholds
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1. Introduction

A

Self-generated touch is perceived as less intense compared with touch by someone else [19].
This phenomenon, known as sensory attenuation, has been observed in response to both nonpainful [1,6,19-21] and painful pressure [8,39] to the body.

In terms of neural mechanisms, self-generated touch has been shown to activate the secondary
somatosensory cortex and the cerebellum to a lesser extent than externally generated touch
[5,18] and the functional connectivity between cerebellum and somatosensory cortex was
shown to correlate with the participants’ attenuation at the perceptual level [18]. In terms of
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computational mechanisms, sensory attenuation is believed to occur when a copy of the motor
command (ie, an efference copy) allows the brain to predict and attenuate the somatosensory
consequences of the self-generated movement [18]. The prediction and down-regulation of
the intensity of self-generated movements is considered to be one of the reasons as to why it
is difficult to tickle oneself [4]. Sensory attenuation enables humans to differentiate between
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sensations that result from self-generated movements and those that result from external
events, which is an important ability for the detection of potentially threatening external

TE

stimuli [4].

Humans have a unique ability to imagine a wide range of situations, emotions, and actions.
Imagining a movement of the body can increase the physical arousal (eg, heart rate and
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respiration) with levels comparable to the arousal caused by actual movements [11], and
motor areas in the human brain are activated by imaginary movements [13]. A previous study
has shown that humans can imagine that externally generated touch is generated by
themselves if the imagined self-touch matches the external stimulus in space and time [17].
The imagined self-touch reduced intensity of the tactile sensations with magnitudes

C

comparable to those of actual self-generated touch [17]. Hence, the mental act of imagining
that external touch is self-produced can attenuate somatosensory signaling. So far, these

A

effects have not been tested in the context of painful stimuli.

The aim of the present study was to test whether externally induced pressure pain would be
attenuated if the participant imagined it to be self-induced. Pressure pain thresholds were
assessed in three different conditions: 1) pressure applied by the experimenter (other), 2)

pressure applied by the participants themselves (self), and 3) pressure applied by the
experimenter while the participants imagined, with their eyes closed, that they themselves
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were applying the pressure (imagery). Our pre-specified hypotheses were: (H1) pain
thresholds will be higher when participants are applying pressure to themselves compared to
pressure applied by the experimenter (self > other); and (H2) pain thresholds will be higher
when the experimenter is applying the pressure but participants are imagining that they are
applying the pressure themselves, compared to the condition where the experimenter is

D

applying the pressure without imagery (imagery > other).

TE

2. Methods

The study was approved by the Regional Ethical Review Board in Stockholm (2018/136731/1 and 2019-03076). The analysis plan was pre-registered on the Open Science Framework
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August 9th 2019 (osf.io/ra9ug) before the dataset was opened.

2.1. Study participants

Participants were recruited through advertisements at universities in Stockholm, Sweden and
on recruitment websites for studies (www.studentkaninen.se and https://kibehavioraltesting.sona-systems.com). Inclusion criteria required that participants were: a)

C

aged 18-35 years, and, b) in good health. The narrow age range was chosen to decrease the
risk of an age effect, as lower pressure pain thresholds have been shown in older adults [36].

A

The power calculation was based on pilot testing of the self and other conditions where a

medium effect size between conditions (Cohen's d = 0.66) was found. A sample size of 36
participants would render 90 % power (α = .05) to detect a difference between self and other.

To account for unforeseen data loss, the sample size was set to a minimum of 40 participants.
The participants took part in another pain experiment after this experiment [33] (total time
approximately 60 minutes) and they received two cinema tickets for their participation. The
participants were asked to withhold from using any drugs and/or as-needed medications that
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could affect their pain perception (eg, analgesics, sleep medication, tranquilizers) 24 hours
before the visit.

2.2. Equipment
A handheld pressure algometer (Somedic Algometer version II, Hörby, Sweden) was used to
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induce pain and measure pressure pain thresholds in kilopascal (kPa). A second identical
algometer was used to simulate self-produced pressure. When an algometer is pressed against

TE

a surface it records the pressure and stops recording as soon as it is lifted from the surface. A
digital display shows the highest applied pressure during the event. The algometers had a 1cm2 round rubber tip and the pressure slope was set to indicate when an even pressure of 50
kPa/s was applied. The Somedic algometers have shown excellent inter- and intra-rater
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reliability [30]. The same algometer was used to apply and assess the pressure during other
(Figure 1a), self (Figure 1b), and imagery (Figure 1c) (see description of procedure further
below). During imagery the participants held the identical algometer, but this algometer did
not record any pressures used for the assessments. The two algometers were firmly attached
to each other with self-adhesive plastic velcro. A 5 cm vertical offset between the algometers

C

was used to ensure only one of the algometers was in contact with the participant's leg. The
probes of the algometers were placed 3.7 cm apart. The proximity of the two pressed-together

A

algometers ensured that the imagined pressure and the executed pressure from the
experimenter’s algometer were close enough to enable attenuation [19].

2.3. Measures
The Pain Catastrophizing Scale (PCS) was used to assess whether catastrophic thinking was
associated with low pressure pain thresholds during externally induced pain (other). This
association has previously been found in a clinical pain population[29] and we were interested
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to assess whether it could be found also in our healthy participants. The PCS consists of 13
items rated on a 5-point scale between the end-points (0) not at all and (4) all the time. The
Swedish translation of the PCS has shown excellent internal consistency (α=.92) [16]. The
participants' experience of agency of the applied pressure during imagery was assessed with
the question "To what extent did you experience that you applied the pressure?" rated on a
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seven-point scale with the endpoints and midpoint defined as, Not at all (0), Partly (3), and

2.4. Study procedure

TE

Completely (6).

Before the training and testing, oral and written information about the study was given and

C
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written informed consent was collected.

Training procedure

The participants sat on a chair with their feet flat on the ground with an approximate 90degree angle between thigh and calf. A cross of thin surgical tape was placed approximately
17 cm above the kneecap on the participants' left front lower thigh (quadriceps femoris),

C

indicating the point where the pressure was to be applied during the training. The training and
testing sites were separated in order to avoid sensitization of the testing site. The participants

A

were familiarized to the hand-held algometers and practiced how to apply pressure while
maintaining an even pressing speed (50 kPa/s) and instructed to lift the algometer from their
leg when the pressure pain threshold was reached (self). The participants also practiced

indicating (by saying "now") when the pressure pain threshold was reached when the
experimenter applied the pressure (other and imagery). The pain threshold was defined as the
instant when the pressure went from non-painful (ie, 0 on a pain scale 0-10) to minimally
painful (ie, 1 or more on a pain scale 0-10). The endpoint 10 was defined as the worst possible

8

6

pain that the participants could imagine from the algometer. Instructions to the participants
were: "When you feel pressure but no pain, that represents 0 on a pain scale 0-10. When you
start to feel the slightest pain, that is a 1 on a scale 1-10, I want you to indicate" (by either
lifting the algometer or saying "now", depending on the condition). The training procedure for
the imagery condition took place after the self and other testing. During imagery testing, the

D

participants were holding the identical algometer with closed eyes and practiced to imagine
that they were motorically pressing it against their leg without applying any pressure. They

TE

first practiced without the experimenter applying any pressure with the other algometer, then
while the experimenter applied pressure with the other algometer (algometers not attached
together), and last while the experimenter applied pressure and the two algometers were
attached to each other. In the first two rounds of practicing imagery, the participants'
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algometers were checked so that no pressure, or only very low pressure was applied by the
participant. If pressure ≥100 kPa was applied, the participant continued to practice until no
pressure or only low pressure <100 kPa was applied.

Testing procedure

C

All conditions were tested three times each, in one of two test sequences:

A

a) other, self, other, self, other, self, imagery, imagery, imagery
b) self, other, self, other, self, other, imagery, imagery, imagery

Imagery was always tested last because we thought that it would be easier for the participants
to imagine the self-induced pain if they had performed it a few times before. The sequences (a
and b) were counterbalanced within the sample. The testing cross was placed approximately
10 cm above the kneecap, approximately 7 cm below the training cross. The same
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experimenter, who was trained to apply the pressure at the speed of 50kPa/s, conducted all
tests. The instruction to indicate when the pressure pain threshold was reached, as practiced in
the training procedure, was shortly repeated before each trial. After each testing trial, the
maximum pressure was registered from the algometer's display. The experimenter monitored
whether there were any arm movements from the participants during imagery and did not

D

observe any. The PCS was administered before testing and the question about experience of

2.5. Statistical Analysis

TE

agency during imagery was administered immediately after testing.

Differences between the other, self, and imagery conditions were analyzed with a mixed
effects model. Condition (other, self, imagery) and order of stimulus (1, 2, 3, 4, 5, 6, 7, 8, 9)
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were pre-specified as fixed effects in the model and by-subject intercepts and by-subject
slopes for the effect of condition and order were pre-specified as random effects. Order of
stimulus was included in the model to assess whether there were any significant effects of
order (sensitization or habituation). Cohen's d effect sizes were calculated as the difference
between the model implied means divided by the square root of the sums of all variance

C

related to random effects in the model [9,40]. Each participant's mean value of the three
repetitions of other, self, and imagery, respectively, were calculated and used in correlation

A

analyses. Spearman's correlation was used to assess the correlations between the experience
of agency during imagery and imagery-induced attenuation and also between the PCS and the
other condition (pressure pain threshold assessed by the experimenter). Imagery-induced

attenuation was defined as the difference in pain thresholds between imagery and other. To
assess responders to self-attenuation in the self and imagery conditions, the number of
participants with a 10 % increased pain threshold compared to the other condition were
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calculated for self and imagery, respectively. The statistical calculations were conducted in
Stata16 IC [34] and R [35].

3. Results
3.1. Participant characteristics

D

A total of 42 participants completed all the tests. The mean age of the participants was 25.1
years (SD=4.5). None of the participants reported having taken any pain medication or

TE

psychoactive substances within the last 24 hours before the study. Two participants were
excluded from data analysis due to: a) being older than 35 years, which was noticed first after
data was collected, and b) not being able to reach the pain threshold during the self condition
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(ie, participant was not able to press hard enough on the own leg). Therefore, 40 participants
were included in the analyses of which 21 were women, 18 men, and 1 did not want to define
as either man or woman. The mean self-appraised experience of agency during imagery was
2.75 (SD=1.24), corresponding to partly experiencing agency (3). The mean pain
catastrophizing assessed by the PCS was 17.68 (SD=7.92).

C

3.2 Pain Thresholds

There were 360 pain threshold measurements in total, 120 each for the three conditions,

A

equally distributed across participants. The mean pain threshold across all participants and
conditions was 622.46 kPa (SE = 14.86; 95% CI 592.16-650.47).

3.3 Pain Thresholds Between Conditions
Significant differences in pain thresholds were found between the other and self conditions (P
< 0.001), between other and imagery (P < 0.001) and between self and imagery (P = 0.004).
In the mixed model, the model implied mean for other was 521.49 kPa (SE = 38.48). For
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imagery the mean was 618.88 kPa (SE = 26.67), and for self 729.57 kPa (SE = 32.32). The
model implied means and SEs are illustrated in Figure 2. Model estimates for the mixed
effects model are presented in the online supplementary eTable 1 (available as supplemental

D

digital content at http://links.lww.com/PAIN/B229).

The effect size for imagery versus other was Cohen's d = 0.28, and for self versus other, the

TE

effect size was d = 0.61, and for self versus imagery, the effect size was d = 0.24. There was
no effect of order (indicating no sensitization or habituation) in the model (P = 0.932). The
observed means and SEs for the conditions in all trials are presented in Table 1.
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3.4 Responder analysis

A majority of the participants 28/40 (70%) were responders in terms of pain attenuation in the
imagery condition, as they reported at least 10% higher pain thresholds compared to the other
condition. Almost all participants 36/40 (90%) were responders in one or both of the self or
imagery conditions. A minority of participants had increased pain thresholds only in the self

C

condition 8/40 (20%), or only in the imagery condition 4/40 (10%). Only a few participants

A

4/40 (10%) did not increase their pain threshold in any of the self or imagery conditions.

3.5 Questionnaire data correlations
There was no significant correlation between the experience of agency during imagery and
imagery-induced pain attenuation (rs=.14, P = 0.398). Also, we found no correlation between

self-reported pain catastrophizing measured by the PCS and pressure pain thresholds during
other (rs=-.09, P = 0.581).
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4. Discussion
Previous research has shown that pain can be attenuated if the painful stimuli are selfinduced, compared to externally induced pain [8,39]. Our study showed that imagining an
externally induced pain stimulus to be self-induced also led to attenuation of pain, indicated
by increased pain thresholds. This suggests that the imagery condition included motor

D

predictions (ie, efference copy) needed for self-attenuation of pain. This might be the first
indication of a feed forward mechanism of pain-inhibition via imagining that pain is self-

TE

inflicted rather than externally induced. We observed that 70% of the participants experienced
at least 10% higher pain thresholds during imagery compared with other, indicating
robustness of the results (ie, results not only driven by a few participants with large effects).
These results support our hypothesis (H2). Our data also confirms that self-attenuation of
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painful stimuli is possible, indicated by increased pain thresholds during self-generated
pressure, compared to externally induced pressure. This has previously been shown [8,39] and
was in line with our hypothesis (H1).

It is well established that imagined motor actions may lead to similar physiological,

C

psychological and neural response as executed actions [11,13], which rendered it likely that
attenuation of imagined self-induced pain would occur. In a study of force perception, sensory

A

attenuation during imagined self-induced pressure was comparable to that of real self-induced
pressure [17]. Since self-attenuation is an adaptive response that helps promote survival
(through increased attention to externally induced stimuli) there should be value from similar
attenuation of painful sensations. However, in the current study the attenuation in the self
condition was significantly higher compared to the imagery condition. One possible
explanation to this difference is that it may be easier to imagine a stimulus that is not painful,
as pain might not entail the same sensory acuity. This is supported by the average experience
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of agency that corresponded to partly experiencing agency during imagery. Another reason
could be that pain is highly salient, as it serves as a warning signal for potential threats to our
tissues [10], and might therefore be more resilient to attenuation through imagery compared to
tactile stimuli. Further, perceptual effects elicited by mental imagery are often weaker than
those evoked by the corresponding veridical perception [2,3]. Differences between imagery

D

and perception may be important for the ability to distinguish between real and imagined

TE

sensory signals, for example to discriminate actual experiences from hallucinations [3].

Before an actual bodily movement is executed, a motor command is sent from the motoric
cortices to the muscles. A copy of that motor command (ie, an efference copy) is sent to
predictive computational units (ie, forward models) to predict the state of the moving body
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and the sensory consequences of the movement [31,41]. The prediction of the sensory
consequences of the self-generated movements – including painful consequences – enables its
down-regulation (ie, sensory attenuation) [5,17,20,32]. Here we provide evidence for
hypoalgesic responses to pressure pain when one is imagining that externally inflicted
pressure is self-induced. We propose that in both the self and the imagery conditions efference

C

copies are used in forward models to predict the actual or imaginary movements, and that this

A

prediction produces the sensory attenuation.

Sensory attenuation of self-induced pain may have clinical implications for patients with self-

injury behavior. Non-suicidal self-injury behavior is defined as intentional self-harm to the
body without suicidal intent [23] and is associated with psychiatric comorbidity, functional
disability and an increased risk for suicide [37]. Pain thresholds and tolerance are elevated
among individuals with self-harm [22,24] and this anti-nociceptive pain profile has been
suggested to decrease the threshold for more serious self-harming behaviors and underlie the
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increased risk of suicide [26]. Also, there is some evidence suggesting that pain thresholds
and tolerance are normalized after the self-injury behaviors stop [28]. More research is needed
to further assess the pain's role in self-injury behavior and to increase the understanding of
whether self-injury behavior in fact alter pain regulation.

D

Sensory attenuation of self-induced and imagery-induced pain may also have clinical
implications for patients with longstanding pain. Patients with longstanding pain conditions

TE

often avoid movements that provoke pain and try to distract themselves from pain sensations,
which can be seen as the opposite of self-induced or imagery-induced pain. Avoidance of
movements that provoke pain, or avoidance of the pain sensations themselves, may be
reinforced in the short term by pain relief, but in the long run the avoidance may maintain the
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pain problems. The role of avoidance as maintaining factor of long-standing pain is described
in the fear avoidance model for chronic pain [38]. In this model, the fear of pain and related
catastrophic thoughts leads to behavioral avoidance, which in turn feeds into a vicious circle
that maintains pain and functional disability. In exposure therapy for longstanding pain the
patient provokes pain by engaging in physically active exposure exercises. Mindfulness, in

C

which the patient practices to pay close attention to the pain sensation, is often included.
Exposure therapy has been shown to be an effective treatment for different pain conditions

A

like fibromyalgia [15], functional abdominal pain disorders [7,25,27], and chronic back pain
[14]. The sensory attenuation described in the present study constitutes a possible mechanism
of change in exposure-based treatments for longstanding pain. The patient's agency and focus
on the pain experience may be particularly beneficial. Lastly, the results in this study may
also have clinical implications for procedural pain. Even if patients are not able to execute
painful procedures themselves, a mental image of controlling the procedure may be induced,
and thereby decrease the experienced pain.
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The participants were trained to apply the pressure to their own leg at the same speed as the
test leader (50 kPa/s). However, the speed of the participant's pressure was not monitored and
corrected after the training sessions, as it was thought to distract the participants’ ability to
determine their pain threshold. This is a limitation to the study as pressure speed may have

D

had an effect on perceived pressure pain and affected the self condition. A strength, however,
is that the same experimenter performed all testing, which is likely to have minimized

TE

experimenter-related variance in pressure application during the other and imagery

conditions. Another limitation is the lack of a control for the self and imagery conditions.
However, previous studies of co-authors of this study have demonstrated that sensory
attenuation of self-generated and motor imagery-induced non-painful pressure is only attained
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when the experienced pressure matches the performed [19] or imagined [17] movement of
applying the pressure very well, both in terms of timing and location. The controls for timing
and location shows that alternative explanations, such as distraction, cognitive load, or
general anticipation of touch, did not explain the sensory attenuation during self and imagery

C

in non-painful pressure.

We did not find a significant correlation between self-assessed agency during the imagery

A

condition and the level of attenuation during imagery (compared with ‘other’). Hence, the
self-reported sense of agency does not seem to explain the sensory attenuation. This could be
explained by a general difficulty of self-assessing one's own experience, a phenomenon also
seen in self-appraisal of one's own pain sensitivity [12]. It is also possible that the selfassessment scale used in the study (“To what extent did you experience that you applied the
pressure?”) did not match very well with the task. It is possible that participants would answer
“low” to that question (as they know they are not physically applying the pressure) but at the

8

14

same time have a very vivid imagined feeling of applying pressure. A question more directly
designed to capture the imagined experience of applying pressure might have rendered a
stronger correlation between the voluntary aspect of the motor imagery and attenuation.

D

The conclusion of this study is that sensory attenuation occurs during imagery as well as
during genuine self-induced pressure pain. Imagining that externally generated pressures were

TE

self-induced, produced higher pain thresholds. The results may have clinical implications for
patients with self-injury behavior (with reported high pain thresholds) and patients with
longstanding pain (with reported low pain thresholds) and patients undergoing procedural

C
EP

pain.
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Figures

C
EP

Figures 1a-c. The illustrations show a participant during the different conditions of the
experiment. 1a) The pressure is applied by the experimenter (other), 1b) The pressure is
applied by the participant (self), and 1c) The pressure is applied by the experimenter while the
participant imagine that they are applying the pressure (imagery).

Figure 2. Model implied mean pressure pain thresholds (kPa) for the conditions other,

C

imagery, and self. The error bars represent 2 SEs. Statistically significant differences between

A

conditions are indicated with *.
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Table 1. Pressure pain thresholds. Observed means and standard errors for pressure pain
thresholds in all experimental trials, represented by pressure (kPa) units (n = 40). The order of
the other, self and imagery trials was mixed.
other 2

other 3

self 1

self 2

self 3

imag 1

imag 2

imag 3

Mean

524.6

520.8

513.9

709.8

740.2

730.0

621.1

624.2

607.3

SE

35.6

34.2

32.7

55.9

53.6

51.0

41.3

37.2

36.6

D

other 1

A

C

C
EP

TE

imag= imagery, SE = standard error
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Fixed effects

Intercept (other)

521.49

38.48

Condself

208.08

32.32

Condimagery

97.39

26.67

Order

95% CI

-0.17

4.01

13.55

2.59e-16

143.99 - 272.16

6.44

1.28e-07

44.45 - 150.19

3.65

0.00075

-0.04

0.96612

-8.14 - 7.78

SD

54405

233.25

C

(intercept)

Variance

Correlation

38414

196.00

0.36

Condimagery

19738

140.49

0.52, 0.25

Order

379

19.47

-0.54, -0.21, -0.89

Residual

4844

69.60

A

Condself (slope)

(slope)

Model fit

8

P

445.28 - 597.91

Random effects

Participant

t

TE

SE

C
EP

Est/Beta

D

eTable 1. Model estimates for the mixed effects model

R2

Marginal

Conditional

0.09

0.94

Note. P-values for fixed effects were calculated using Satterthwaites approximations.

A

C
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EP
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Model equation: kPa ~ Cond + Order + (Cond + Order | Participant)
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