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Abstract

Background: Experimental stress has been shown to have analgesic as well as allodynic effect in animals. Despite the
obvious negative influence of stress in clinical pain conditions, stress-induced alteration of pain sensitivity has not been
tested in humans so far. Therefore, we tested changes of pain sensitivity using an experimental stressor in ten female
healthy subjects and 13 female patients with fibromyalgia.

Methods: Multiple sensory aspects of pain were evaluated in all participants with the help of the quantitative sensory
testing protocol before (60 min) and after (10 and 90 min) inducing psychological stress with a standardized psychosocial
stress test (‘‘Trier Social Stress Test’’).

Results: Both healthy subjects and patients with fibromyalgia showed stress-induced enhancement of pain sensitivity in
response to thermal stimuli. However, only patients showed increased sensitivity in response to pressure pain.

Conclusions: Our results provide evidence for stress-induced allodynia/hyperalgesia in humans for the first time and
suggest differential underlying mechanisms determining response to stressors in healthy subjects and patients suffering
from chronic pain. Possible mechanisms of the interplay of stress and mediating factors (e.g. cytokines, cortisol) on pain
sensitivity are mentioned. Future studies should help understand better how stress impacts on chronic pain conditions.
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Introduction

Stress is defined as the physiological reaction to real or potential

life-threatening conditions [1] and is accompanied by changes in

the associated neural, endocrinological and immunological systems

[2]. Studies on animals have shown that experimentally induced

short-term stress has not only an analgesic effect of [3,4] but also

elicits reactions of hyperalgesia and allodynia [5–9]. The

differences in pain sensitivity seem to be influenced by the strength

of the stressor and the physiological state of the animals‘ stress-

system [6,7]. Situations in need of a fight-or-flight-reaction seem to

favor hyperalgesia while analgesia dominates in situations in which

such an active reaction is impossible [6]. Chronic experimental

stress [5,8] and prior pain experience [7] favor stress-induced

hyperalgesia/allodynia [10]. Although these animal studies suggest

that stress may enhance the pain processing under certain

conditions, no study has tested the concept of stress-induced

hyperalgesia/allodynia in humans so far.

In humans, the onset and course of clinical pain conditions such

as headache, migraine and fibromyalgia are influenced by stress

[11–14] and are associated with changes in the hypothalamic-

pituitary-adrenal axis, the core pathway of the human stress

system [15–17]. Newer studies in animals and humans exposed to

experimental stress suggest a causal relationship of cortisol levels to

changes in pain sensitivity [18–20].

The present study describes changes pain thresholds occurring

in healthy subjects under conditions of experimental stress.

Because of the obvious impact of stress in clinical pain conditions,

a sample of patients suffering from fibromyalgia was also

investigated. The findings on the two groups were not compared

due to the explorative character of our study. In line with the

reports in literature, we expected to observe stress-induced

analgesia in healthy subjects and stress-induced hyperalgesia/

allodynia in the group of fibromyalgia patients.
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Methods

Ethics statement
The study was conducted in accordance with the Declaration of

Helsinki and approved by the local Ethics Committee of the

Medical Faculty of the University Muenster, Germany.

Participants
A total of 10 healthy female subjects and 13 patients with

fibromyalgia (FMS) were recruited for the study through the

University Hospital or by advertisements in local newspapers.

Healthy subjects were free of any pain syndrome or current axis-I

mental disorder according to the Structured Clinical Interview for

DSM-IV [21]. Three of the healthy subjects regularly smoked

cigarettes (4 –10) per day. On average, they drank about 2.1 cups

of coffee per day and none of them were on medication. All of

them discontinued nicotine and caffeine consumption 24 hours

before the study.

Patients with FMS met the American College of Rheumatology

criteria for FMS, had pain as their major complaint, and were free

of any current axis-I psychiatric diagnosis. An extensive review of

the patient charts was done by a registered rheumatologist (PW) to

exclude other origins of pain, e.g. rheumatic or endocrine diseases.

Three of the patients smoked cigarettes (3–20/day) and drank

about 3.5 cups of coffee per day. All patients stopped nicotine and

caffeine consumption 24 hours before the study. Four patients

took pain medication on a regular basis (ibuprofen, citaloprame),

one patient was on thyroxine substitution. Patients discontinued

their medication 2 weeks prior to the study. All participants gave

informed consent in writing.

Psychometrics
One hour prior to the start of the study, the extent of affective

burden during the last week was assessed in each participant with

the German versions of the Beck Depression Inventory [22] and

the Spielberger State-Trait Anxiety Inventory [23]. Chronic

(previous month) and childhood stress exposure were assessed

with the Trier Inventory of Chronic Stress [24] and the Childhood

Trauma Questionnaire [25], respectively.

Furthermore, participants were asked to rate their anxiety and

clinical pain (fibromyalgia only) at the time of the study on a visual

analogue scale (VAS) ranging from VAS 0 = no anxiety/no pain

to VAS 10 = unbearable anxiety/worst pain imaginable, one

hour before, immediately on and 90 minutes after being exposed

to the experimental stressor.

Experimental procedure
Induction of experimental acute psychosocial

stress. The Trier Social Stress Test (TSST) is a standardized and

reliable psychosocial stress task [26]. The TSST consists of a

preparation phase (10 minutes) followed by an activity phase of

delivering a speech in front of a trained audience (5 minutes) and

performing an arithmetic task (5 minutes).

Prior to stress induction, a 2-channel electrocardiograph was

connected to each participant to determine stress-induced changes

in heart rate and sympathovagal balance, calculated as low-

frequency band power/high frequency band power*10). Both

variables were recorded continuously and analyzed as blocks of

4 minutes’ duration, 10 minutes before, during (+8 min), as well as

10 and 30 minutes after exposure to the stressor.

Evaluation of pain thresholds. The quantitative sensory

testing (QST) protocol of the German Research Network on

Neuropathic Pain is a standardized method to evaluate the

somatosensory phenotype of pain [27]. It assesses sensory aspects

of cutaneous as well as deep pain like allodynia or hyperalgesia.

We determined thermal (cold and warm) detection (CDT, WDT)

and pain thresholds (CPT, HPT), mechanical pain detection

thresholds to pinprick stimuli (MPT), blunt pressure pain

thresholds (PPT) and pain summation (wind-up ratio, WUR) at

the medial forearm of each subject.

Thermal sensation tests were performed using TSA 2001-II

(Medoc, Israel), mechanical tests with modified von Frey filaments

(Optihair-Set, Marstock Nervtest, Germany), and blunt pressure

testing with a pressure gauge device (FDN200, Wagner Instru-

ments, USA). The mean threshold temperature of CDT, WDT,

CPT, and HPT was determined from three consecutive measure-

ments with ramped stimuli (1 Cu/s). MPT was evaluated as the

geometric mean of five series of ascending and descending

pressure forces with different weighted pinprick stimuli (8–

512 mN). WUR was determined as the ratio of the mean rating

of five series of 10 repetitive pinprick stimuli (1 Hz, 256 mN)

divided by the mean rating of the five single stimuli. PPT was

determined with three series of ascending stimulus intensities, each

applied as a slowly increasing ramp of 50 kPa/s.

Each QST testing was performed three times (60 minutes

before the TSST, immediately thereafter and 90 minutes after the

TSST) in accordance with the standardized protocol [28] at the

same area of the forearm in each participant (see figure 1).

Data analysis. Both groups of participants were handled as

independent groups and no direct group comparison was

performed due to the explorative character of our study and the

limited number of participants.

ANOVA with repetition was computed to analyse all pain and

QST variables, variables of autonomic activation (heart rate,

sympathovagal balance) and the participants’ report of anxiety or

clinical pain. For both groups of subjects, the impact of the main

effect ‘time’ was tested separately to determine time-dependent

effects without any further group comparison. According to the

recommendation of the protocol [28], data CDT, HDT, MPT,

WUR and PPT were log-transformed before data analysis. Due to

the possible violation of data sphericity in studies with low

numbers of subjects, a Greenhouse-Geiser correction was includ-

ed. Results report the F- and p-scores and the effect sizes (g2). For

all significant results of QST variables, post-hoc t-tests were

performed to determine the major time point (QST 1–3) of

change.

Statistical analyses were performed with SPSS 17 (SPSS Inc.;

Chicago, IL, USA) with a significance threshold of p,0.05.

Results

Subjects and psychometrics
Patients with fibromyalgia were older than healthy controls

(mean = 49.85 years versus 27.70 years, p,0.001). Patients scores

in depression and anxiety were higher in the week prior to the

study (depression, 16.25 versus 6.13, p = .013; anxiety, 48.64

versus 38.14, p = .014) and they reported more childhood trauma

(63.45 versus 39.88, p = .018). There was no significant difference

in the amount of chronic stress between the two groups of subjects

in the preceding month, but patients with fibromyalgia showed a

trend towards a greater exposure to chronic stress (20.00 versus

14.38, p = .17, see table 1).

Stress-related variables
Both groups of participants reported a medium level of anxiety

prior to stress-induction, which decreased after the TSST was

completed (anxiety on VAS: p = .01 for HC; p = .04 for FMS).

Both groups showed an increased heart rate during the TSST, but

Stress-Induced Allodynia in Humans
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this was significant only in FMS patients (p,.001). Sympathovagal

balance did not change significantly after stress induction in either

group of subjects, although a trend towards increased sympatho-

vagal balance was detectable in patients with FMS (p = .06).

Furthermore, increased clinical pain after stress-induction was

detected in patients with FMS (clinical pain on VAS:p = .052, see

table 2).

Pain thresholds (QST)
Before stress induction, patients with FMS showed increased

pain sensitivity to thermal, mechanical and pressure pain in

comparison to healthy subjects (CPT, T = 22.85, p = .01; HPT,

T = 2.97, p = .007; MPT, T = 3.25, p = .004; PPT, T = 4.45,

p,.001). There were no changes of thermal detection thresholds

or the wind-up ration (CDT: T = 1.54, p = .14; WDT, T = 21.10,

p = .29; WUR: T = 0.25, p = 2.07).

In healthy controls, the HPT revealed stress-induced allodynia/

hyperalgesia with decreased levels of temperature inducing pain

reactions after induction of stress (44.2 Cu versus 42.2 Cu,
p = .057, g2 = .32). Changes between the first and third threshold

90 minutes after stress induction (post-hoc t-test p = .007) were

mainly accounted for this significant effect. A trend (p = .08)

towards allodynia/hyperalgesia was detectable with respect to

CPT. No stress-induced changes in CDT, WDT, MPT, WUR or

PPT could be detected.

In patients with FMS, stress-induced allodynia/hyperalgesia of

thermal pain thresholds could be detected. After exposure to the

stressor, less cold stimulation was needed to elicit pain (CPT,

18.7 Cu versus 21.7 Cu, p = .007, g2 = .43) and this difference was

mainly caused by the increase directly after the stress-induction

(post-hoc t-test p = .006). Patients showed lowered HPT of about

2 Cu after induction of stress but with only a trend to significance

(p = .06). However, in contrast to healthy controls, PPT decreased

after exposure to the stressor (p = .004, g2 = .42) and was based

upon decreased thresholds recorded immediately after adminis-

tration of the stressor (post-hoc t-test p = .02).

As in healthy controls, no changes in CDT, WDT, MPT or

WUR could be detected in patients with FMS (see figure 2 and

table 3).

Discussion

The main results of our study are that after exposure to an acute

social stressor both groups of participants developed an allodynic

effect on thermal stimuli (CPT, HPT), healthy subjects with regard

to heat and patients with FMS according to cold stimuli. For both

groups a statistical trend towards allodynia/hyperalgesia could be

found in the other thermal stimulation. Patients with FMS showed,

in addition, stress-related allodynia of PPT.

Stress-induced thermal allodynia/hyperalgesia
Contrary to our expectations, stress had no analgesic effect in

healthy subjects but induced thermal allodynia/hyperalgesia as in

patients with FMS. One reason for these results might be an

imbalance between central pain-inhibitory effect of stress and

stress-induced sensitization of cutaneous nerve fibers [29,30]

leading to thermal allodynia [31,32]. It is well known that stress

induces local expression of cytokines [33–35]. Especially the pro-

inflammatory cytokines like NGF, IL-6, IL-1, IL-12, IL-18, TNF-a

[36–40] are able to exert a sensitization effect on cutaneous neural

fibers. Our results do not provide insights into a possible

contribution of peripheral or central effects of stress-induced

cytokine expression. The wind-up ratio normally represents the

perceptual correlate of temporal pain summation due to frequen-

cy- dependent increase in excitability of spinal dorsal horn neurons

[41]. The fact that in neither group a stress-induced increase of the

wind-up ratio was detectable suggests a peripheral sensitization

effect of cytokines on nociceptors or peripheral opioid receptors

Figure 1. Experimental procedure. QST = Quantitative Sensory Testing, VAS = Subjects’ rating of anxiety (healthy controls and FMS) and clinical
pain (FMS only) on a visual analogue scale, ECG = Recording of stress-induced changes of the heart rate and sympathovagal balance, TSST = Trier
Social Stress Test.
doi:10.1371/journal.pone.0069460.g001

Table 1. Demographic and clinical characteristics of the participants.

HC (n = 10) mean ± sd FMS (n = 13) mean ± sd T-score p-score

Age (yrs) 27.7065.58 49.85610.55 26.00 ,.001

Tender points na 14.4262.58

Myalgic score na 30.5068.74

Duration of disease (yrs) na 4.6963.9

BDI 6.1363.64 16.27+9.79 22.78 .013

STAI (trait dimension) 38.14+7.54 48.64+8.04 22.76 .014

CTQ 39.88610.15 63.45623.90 22.61 .018

TICS 14.3867.42 20.0069.02 21.44 .17

BDI = Beck Depression Inventory, STAI = Spielberger State-Trait Anxiety Inventory, CTQ = Childhood Trauma Questionnaire, TICS = Trierer Inventory of Chronic stress.
doi:10.1371/journal.pone.0069460.t001
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Figure 2. Changes of sensory pain thresholds (QST) during experimentally induced stress in healthy subjects (HC) and patients with
fibromyalgia syndrome (FMS). CDT = cold detection threshold, WDT = warm detection threshold, CPT = cold pain threshold, HPT = heat pain
threshold, MPT = mechanical pain threshold, WUR = wind-up ratio, PPT = pressure pain threshold, HC = healthy controls, FMS = fibromyalgia
patients.
doi:10.1371/journal.pone.0069460.g002
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[42] in thermal stress-induced allodynia rather than central

plasticity changes in the spinal cord.

Another explanation of stress-induced thermal allodynia might

be increased anxiety during stress-induction. Under anxiety the

experimental procedure might be experienced as more threatening

with attention focused upon the stimuli which results in a lowering

of the participants’ pain threshold in general [43]. Such an anxiety

or attention-related allodynic effect should have been more

obvious in our patients with FMS because they showed increased

anxiety after stress induction, and patients are known to show

increased levels of negative cognitions as catastrophizing [44,45],

which correlate with their level of pain-related impairments

[45,46]. If anxiety had triggered such an effect, it should have

affected the thermal and all other stimuli as well. Because the other

sensory thresholds as WUR and MPT did not change in face of

the stress induction, an anxiety-related effect on thermal allodynia

can be ruled out.

No stress-related effect could be detected on pinprick stimula-

tion (MPT) in either group. Possibly different central and

peripheral transmission mechanisms are responsible for this

phenomenon because nociceptive C-fibers in contrast to a-fibers

are under the influence of central descending pain inhibition

[47,48]. Our results suggest an alteration of the processing of

mechanical stimulation in our patients with FMS since they did

display an increased sensitivity to mechanical stimulation at the

baseline testing. That a stress-related sensitization could not be

detected in our patients might be due to the low detecting power of

the QST in subjects who are already sensitized and already feel

pain under conditions of low intensity mechanical stimulation.

Specific stress-related allodynia/hyperalgesia in patients
with FMS

In line with the existing literature, patients with FMS displayed

hypersensitivity to heat, cold, mechanical and pressure stimuli at

the baseline testing [49–51] supporting the hypothesis of an

alteration of the central pain processing mechanisms [52–54].

Even though our exploratory study design and the limited number

of participants preclude a direct comparison of the two groups, the

FMS-specific result of a stress-related allodynia/hyperalgesia in

response to pressure stimuli might give new insights into the

underlying etiological factors in FMS because there might be

differences in nociceptive processing originating in cutaneous as

compared to deep muscular structures [55]. Both kinds of pain

(deep versus cutaneous stimuli) and their underlying spinal and

cerebral pathways may be differentially influenced by stress [56].

The syndrome-specific pain in deep tissues might be caused by

an increased muscle tone related to the chronic impact of stress

[57] resulting in exhaustion and pain in the involved muscles [58].

Such a pain-triggering effect of stress has previously been reported

Table 2. Emotional and cardiac effects of the experimental
stressor (TSST).

HC (n = 10) FMS (n = 13)

HR_T1 75.5663.29 74.6268.14

HR_T2 86.56617.02 96.15618.47

HR_T3 78.33615.84 74.6269.47

HR_T4 76.78616.4 73.6969.62

GLM F = 2.12; p = .13 F = 18.15; p,.001

SVB_T1 13.8964.81 20.3168.25

SVB_T2 19.56610.76 28.69616.56

SVB_T3 15.0062.74 23.3169.56

SVB_T4 14.4464.72 19.5468.00

GLM F = 2.81; p = .12 F = 3.72; p = .06

VAS_anxiety T1 25.67619.95 41.77628.57

VAS_anxiety T2 15.33618.93 47.62625.17

VAS_anxiety T3 4.3365.92 26.92620.92

GLM F = 6.27; p = .01 F = 4.19; p = .03

VAS_clinical pain T1 N.a. 34.23620.31

VAS_clinical pain T2 N.a. 45.54622.94

VAS_clinical pain T3 N.a. 42.15625.51

GLM F = 3.35; p = .052

HR = heart rate, SVB = sympathovagal balance, VAS = visual analogue scale.
doi:10.1371/journal.pone.0069460.t002

Table 3. Changes of QST dimensions under stress.

HC (n = 10) FMS (n = 13)

CDT_T1 (Cu)* 0.886.12 0.806.11

CDT_T2 (Cu)* 0.906.07 0.896.08

CDT_T3 (Cu)* 0.836.29 0.866.08

GLM F = .61; p = .49 F = 2.79; p = .09

WDT_T1 (Cu)* 0.226.08 0.306.20

WDT_T2 (Co)* 0.186.06 0.296.13

WDT_T3 (Co)* 0.206.10 0.316.18

GLM F = 1.29; p = .30 F = .20; p = .81

CPT_T1 (Co) 8.1469.38 18.6668.30

CPT_T2 (Co) 10.6069.25 23.1367.63

CPT_T3 (Co) 11.56610.09 21.7168.46

GLM F = 3.21; p = .08 F = 8.93; p = .003

HPT_T1 (Co) 44.2162.28 40.2963.65

HPT_T2 (Co) 43.6662.14 38.7063.09

HPT_T3 (Co) 42.2362.52 38.9463.41

GLM F = 4.19; p = .05 F = 3.42; p = .06

MPT_T1 (mN)* 2.086.29 1.506.51

MPT_T2 (mN)* 2.056.36 1.396.48

MPT_T3 (mN)* 2.116.16 1.266.37

GLM F = .20; p = .74 F = 2.39; p = .13

WUR_T1* 0.476.52 0.486.49

WUR _T2* 0.326.23 0.456.42

WUR _T3* 0.436.45 0.396.37

GLM F = 1.58; p = .24 F = 1.65; p = .21

PPT_T1 (kPa)* 2.636.12 2.406.13

PPT_T2 (kPa)* 2.646.14 2.356.14

PPT_T3 (kPa)* 2.646.13 2.326.15

GLM F = .13; p = .83 F = 8.70; p = .004

QST = Quantitative Sensory Testing, GLM = general linear model, CDT = cold
detection threshold, WDT = warm detection threshold, CPT = cold pain
threshold, HPT = heat pain threshold, MPT = mechanical pain threshold, WUR
= wind-up ratio, PPT = pressure pain threshold. * Data were log-transformed
before analysis.
doi:10.1371/journal.pone.0069460.t003
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in patients with chronic back pain [59]. This finding may explain

the higher prevalence of FMS in females. Stress and tissue

damage-related inflammation of the muscle cause comparable

alterations in nociceptor sensitivity leading to chronic hyperalgesia

and allodynia [60,61].

Studies in animals have described a chronic-stress-related

sensitization of muscle nociceptors that may relate to stress-related

cytokine release [62]. Furthermore, increased prostaglandin E2

expression in stressed new-born rats causes hyperalgesia in these

animals throughout their lifespan [63,64]. Since patients with

FMS display a correlation of muscle pain with levels of

prostaglandin E2 [65] and report increased stress burden in their

youth [66], hyperalgesic/allodynic reactions could be based on

stress-related alterations of their muscle nociceptors. This under-

lying pathophysiological mechanism could be exacerbated by an

additional acute stressor and explain our finding of stress-related

pressure allodynia. Because of the age difference between our

group of patients with FMS and healthy subjects, we cannot rule

out that the stress-related effect on the pressure pain threshold

simply reflects a physiological effect of age. This interesting

hypothesis should be tested in future studies of stress-induced

effects on pain processing.

Limitations
We showed stress-induced allodynia in healthy controls and in

patients with FMS under quantitative sensory testing in the same

area of the subjects’ forearm. To rule out an unlikely but possible

local inflammation due to the repetitive stimulation, future studies

should apply the stimuli at alternating sites and include a group of

subjects who are not under acute stress. This could control for

other confounding factors like attention or degree of muscle

tension.

Another potential limitation of this study is the fact that we

included female participants only. Due to the dominant female

distribution in patients with fibromyalgia, the study was conducted

exclusively with female participants. Therefore, our results cannot

be extrapolated to cover male subjects. Whether stress-induced

allodynia/hyperalgesia shows a different pattern in male healthy

subjects and patients needs to be tested in future studies.

Furthermore, our study groups are small, which is no doubt a

limitation of this study. However, strong effect sizes (g2.0.3) of

changes in the thermal and pressure pain thresholds were

observed, which warrant further studies on mediators of stress.

Conclusions

Experimental stress has been reported to induce increased pain

sensitivity in animals. Our results provide evidence for enhanced

pain sensitivity resulting from exposure to experimentally induced

stress in humans and suggest differential mechanisms underlying

this phenomenon in healthy subjects and patients suffering from a

chronic pain condition. Further studies should help reveal the

impact of stress and its mediating factors (e.g. cytokines, HPA-axis)

on pain sensitivity in chronic pain conditions.

Author Contributions

Conceived and designed the experiments: BC MM DH MB. Performed

the experiments: BC MM PW PY DH AS MB. Analyzed the data: BC DH

AS MB. Contributed reagents/materials/analysis tools: BC MM PW PY

MB. Wrote the paper: BC MM PW PY DH AS MB.

References

1. Selye H, Fortier C (1950) Adaptive reaction to stress. Psychosom Med 12: 149–

157.

2. McEwen BS (1998) Stress, adaptation, and disease. Allostasis and allostatic load.

Ann N Y Acad Sci 840: 33–44.: 33–44.

3. Bodnar RJ, Kelly DD, Brutus M, Glusman M (1980) Stress-induced analgesia:

neural and hormonal determinants. Neurosci Biobehav Rev 4: 87–100.

4. Butler RK, Finn DP (2009) Stress-induced analgesia. Prog Neurobiol 88: 184–

202.

5. Gameiro GH, Gameiro PH, Andrade AS, Pereira LF, Arthuri MT, et al. (2006)

Nociception- and anxiety-like behavior in rats submitted to different periods of

restraint stress. Physiol Behav 87: 643–649.

6. Jorum E (1988) Analgesia or hyperalgesia following stress correlates with

emotional behavior in rats. Pain 32: 341–348.

7. Rivat C, Laboureyras E, Laulin JP, Le RC, Richebe P, et al. (2007) Non-

nociceptive environmental stress induces hyperalgesia, not analgesia, in pain and

opioid-experienced rats. Neuropsychopharmacology 32: 2217–2228.

8. Bardin L, Malfetes N, Newman-Tancredi A, Depoortere R (2009) Chronic

restraint stress induces mechanical and cold allodynia, and enhances

inflammatory pain in rat: Relevance to human stress-associated painful

pathologies. Behav Brain Res 205: 360–366.

9. Khasar SG, Dina OA, Green PG, Levine JD (2009) Sound stress-induced long-

term enhancement of mechanical hyperalgesia in rats is maintained by

sympathoadrenal catecholamines. J Pain 10: 1073–1077.

10. Imbe H, Iwai-Liao Y, Senba E (2006) Stress-induced hyperalgesia: animal

models and putative mechanisms. Front Biosci 11: 2179–2192.

11. Anda R, Tietjen G, Schulman E, Felitti V, Croft J (2010) Adverse childhood

experiences and frequent headaches in adults. Headache 50: 1473–1481.

12. Anderberg UM, Marteinsdottir I, Theorell T, von KL (2000) The impact of life

events in female patients with fibromyalgia and in female healthy controls. Eur

Psychiatry 15: 295–301.

13. van Houdenhove B, Neerinckx E, Onghena P, Vingerhoets A, Lysens R, et al.

(2002) Daily hassles reported by chronic fatigue syndrome and fibromyalgia

patients in tertiary care: a controlled quantitative and qualitative study.

Psychother Psychosom 71: 207–213.

14. Andress-Rothrock D, King W, Rothrock J (2010) An analysis of migraine

triggers in a clinic-based population. Headache 50: 1366–1370.

15. Leistad RB, Nilsen KB, Stovner LJ, Westgaard RH, Ro M, et al. (2008)

Similarities in stress physiology among patients with chronic pain and headache

disorders: evidence for a common pathophysiological mechanism? J Headache

Pain 9: 165–175.

16. Riva R, Mork PJ, Westgaard RH, Ro M, Lundberg U (2010) Fibromyalgia

Syndrome is Associated with Hypocortisolism. Int J Behav Med 17: 223–33.

17. Geenen R, van MH, Bijlsma JW (2006) The impact of stressors on health status

and hypothalamic-pituitary-adrenal axis and autonomic nervous system
responsiveness in rheumatoid arthritis. Ann N Y Acad Sci 1069: 77–97.

18. Kuehl LK, Michaux GP, Richter S, Schachinger H, Anton F (2010) Increased
basal mechanical pain sensitivity but decreased perceptual wind-up in a human

model of relative hypocortisolism. Pain 149: 539–546.

19. Michaux GP, Magerl W, Anton F, Treede RD (2012) Experimental
characterization of the effects of acute stresslike doses of hydrocortisone in

human neurogenic hyperalgesia models. Pain 153: 420–428.

20. Juif PE, Anton F, Hanesch U (2012) Pain behavior and spinal cell activation due

to carrageenan-induced inflammation in two inbred rat strains with differential
hypothalamic-pituitary-adrenal axis reactivity. Physiol Behav 105: 901–908.

21. American Psychiatric Association (2003) Diagnostic and Statistical Manual of
Mental Disorders – Textrevision- DSM-IV-TR. German Translation, American

Psychiatric Association. Göttingen, Bern, Toronto, Seattle: Hogrefe.

22. Beck AT, Steer RA, Brown GK (1996) Manual for Beck Depression Inventory-

II. San Antonio, TX: Psychological Corporation.

23. Spielberger CD, Gorsuch RL, Lushene RE (1970) Manual for the state-trait

anxiety inventory. Palo Alto: Consulting Psychologists Press.

24. Schulz P, Schlotz W (1999) The Trier Inventory for the Assessment of Chronic

Stress (TICS): Scale construction, statistical testing, and validation of the scale
work overload. Diagnostica 45: 8–19.

25. Bernstein DP, Stein JA, Newcomb MD, Walker E, Pogge D, et al. (2003)
Development and validation of a brief screening version of the Childhood

Trauma Questionnaire. Child Abuse Negl 27: 169–190.

26. Kirschbaum C, Pirke KM, Hellhammer DH (1993) The ’Trier Social Stress
Test’–a tool for investigating psychobiological stress responses in a laboratory

setting. Neuropsychobiology 28: 76–81.

27. Rolke R, Magerl W, Campbell KA, Schalber C, Caspari S, et al. (2006)

Quantitative sensory testing: a comprehensive protocol for clinical trials.
Eur J Pain 10: 77–88.

28. Rolke R, Baron R, Maier C, Tolle TR, Treede RD, et al. (2006) Quantitative
sensory testing in the German Research Network on Neuropathic Pain (DFNS):

standardized protocol and reference values. Pain 123: 231–243.

29. Dina OA, Green PG, Levine JD (2008) Role of interleukin-6 in chronic muscle

hyperalgesic priming. Neuroscience 152: 521–525.

30. Brydon L, Walker C, Wawrzyniak A, Whitehead D, Okamura H, et al. (2009)

Synergistic effects of psychological and immune stressors on inflammatory
cytokine and sickness responses in humans. Brain Behav Immun 23: 217–224.

Stress-Induced Allodynia in Humans

PLOS ONE | www.plosone.org 6 August 2013 | Volume 8 | Issue 8 | e69460



31. Helmstetter FJ, Bellgowan PS (1994) Hypoalgesia in response to sensitization

during acute noise stress. Behav Neurosci 108: 177–185.

32. Donello JE, Guan Y, Tian M, Cheevers CV, Alcantara M, et al. (2011) A

peripheral adrenoceptor-mediated sympathetic mechanism can transform stress-

induced analgesia into hyperalgesia. Anesthesiology 114: 1403–1416.

33. Cao L, Hudson CA, Moynihan JA (2007) Chronic foot shock induces

hyperactive behaviors and accompanying pro- and anti-inflammatory responses

in mice. J Neuroimmunol 186: 63–74.

34. Miller GE, Cohen S, Ritchey AK (2002) Chronic psychological stress and the

regulation of pro-inflammatory cytokines: a glucocorticoid-resistance model.

Health Psychol 21: 531–541.

35. Steptoe A, Hamer M, Chida Y (2007) The effects of acute psychological stress on

circulating inflammatory factors in humans: a review and meta-analysis. Brain

Behav Immun 21: 901–912.

36. Cunha TM, Verri WA Jr., Silva JS, Poole S, Cunha FQ, et al. (2005) A cascade

of cytokines mediates mechanical inflammatory hypernociception in mice. Proc

Natl Acad Sci U S A 102: 1755–1760.

37. Sachs D, Cunha FQ, Poole S, Ferreira SH (2002) Tumour necrosis factor-alpha,

interleukin-1beta and interleukin-8 induce persistent mechanical nociceptor

hypersensitivity. Pain 96: 89–97.

38. DeLeo JA, Colburn RW, Nichols M, Malhotra A (1996) Interleukin-6-mediated

hyperalgesia/allodynia and increased spinal IL-6 expression in a rat mononeu-

ropathy model. J Interferon Cytokine Res 16: 695–700.

39. McMahon SB, Bennett DL, Priestley JV, Shelton DL (1995) The biological

effects of endogenous nerve growth factor on adult sensory neurons revealed by a

trkA-IgG fusion molecule. Nat Med 1: 774–780.

40. Nicol GD, Lopshire JC, Pafford CM (1997) Tumor necrosis factor enhances the

capsaicin sensitivity of rat sensory neurons. J Neurosci 17: 975–982.

41. Price DD, Hu JW, Dubner R, Gracely RH (1977) Peripheral suppression of first

pain and central summation of second pain evoked by noxious heat pulses. Pain

3: 57–68.

42. Stein C, Clark JD, Oh U, Vasko MR, Wilcox GL, et al. (2009) Peripheral

mechanisms of pain and analgesia. Brain Res Rev 60: 90–113.

43. Baum C, Huber C, Schneider R, Lautenbacher S (2011) Prediction of

experimental pain sensitivity by attention to pain-related stimuli in healthy

individuals. Percept Mot Skills 112: 926–946.

44. Van Damme S, Crombez G, Bijttebier P, Goubert L, van Houdenhove B (2002)

A confirmatory factor analysis of the Pain Catastrophizing Scale: invariant factor

structure across clinical and non-clinical populations. Pain 96: 319–324.

45. Geisser ME, Casey KL, Brucksch CB, Ribbens CM, Appleton BB, et al. (2003)

Perception of noxious and innocuous heat stimulation among healthy women

and women with fibromyalgia: association with mood, somatic focus, and

catastrophizing. Pain 102: 243–250.

46. Giesecke T, Williams DA, Harris RE, Cupps TR, Tian X, et al. (2003)

Subgrouping of fibromyalgia patients on the basis of pressure-pain thresholds

and psychological factors. Arthritis Rheum 48: 2916–2922.

47. Heinricher MM, Tavares I, Leith JL, Lumb BM (2009) Descending control of

nociception: Specificity, recruitment and plasticity. Brain Res Rev 60: 214–225.

48. Basbaum AI, Bautista DM, Scherrer G, Julius D (2009) Cellular and molecular

mechanisms of pain. Cell 139: 267–284.

49. Hurtig IM, Raak RI, Kendall SA, Gerdle B, Wahren LK (2001) Quantitative

sensory testing in fibromyalgia patients and in healthy subjects: identification of
subgroups. Clin J Pain 17: 316–322.

50. Petzke F, Clauw DJ, Ambrose K, Khine A, Gracely RH (2003) Increased pain

sensitivity in fibromyalgia: effects of stimulus type and mode of presentation.
Pain 105: 403–413.

51. Mikkelsson M, Latikka P, Kautiainen H, Isomeri R, Isomaki H (1992) Muscle
and bone pressure pain threshold and pain tolerance in fibromyalgia patients

and controls. Arch Phys Med Rehabil 73: 814–818.

52. Staud R, Nagel S, Robinson ME, Price DD (2009) Enhanced central pain
processing of fibromyalgia patients is maintained by muscle afferent input: a

randomized, double-blind, placebo-controlled study. Pain 145: 96–104.
53. Burgmer M, Petzke F, Giesecke T, Gaubitz M, Heuft G, et al. (2011) Cerebral

activation and catastrophizing during pain anticipation in patients with
fibromyalgia. Psychosom Med 73: 751–759.
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