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ABSTRACT

GEVA, N., J. PRUESSNER, and R. DEFRIN. Triathletes Lose Their Advantageous Pain Modulation under Acute Psychosocial Stress.

Med. Sci. Sports Exerc., Vol. 49, No. 2, pp. 333–341, 2017. Introduction: Triathletes, who constantly engage in intensely stressful sport,

were recently found to exhibit greater pain tolerance and more efficient pain inhibition capabilities than nonathletes. However, pain

inhibition correlated negatively with retrospective reports of mental stress during training and competition. The aim of the current study

was to test pain inhibition capabilities of triathletes under acute, controlled psychological stress manipulation. Methods: Participants

were 25 triathletes and ironman triathletes who underwent the measurement of pain threshold, pain intolerance, tonic suprathreshold pain,

and conditioned pain modulation before and during exposure to the Montreal Imaging Stress Task (MIST). Perceived ratings of stress

and anxiety, autonomic variables, and salivary cortisol levels were obtained as indices of stress. Results: The MIST induced a significant

stress reaction manifested in the subjective and objective indices. Overall, a significant reduction in pain threshold and in conditioned

pain modulation efficacy was observed after the MIST, which reached the baseline levels observed previously in nonathletes. Para-

doxically, the magnitude of this stress-induced hyperalgesia (SIH) correlated negatively with the magnitude of the stress response; low-

stress responders exhibited greater SIH than high-stress responders. Conclusion: The results suggest that under acute psychological

stress, triathletes not only react with SIH and a reduction in pain modulation but also lose their advantageous pain modulation over

nonathletes. The stronger the stress response recorded, the weaker the SIH. It appears that triathletes are not resilient to stress, responding

with an increase in the sensitivity to pain as well as a decrease in pain inhibition. The possible effects of athletes" baseline pain profile and

stress reactivity on SIH are discussed. Key Words: ATHLETES, PAIN PERCEPTION, PAIN MODULATION, CORTISOL, STRESS

REACTIVITY

T
riathletes and ironman triathletes engage in extremely
intense physical exercise such as sequential and con-
tinuous swimming, cycling, and running for miles (4).

Both training and competitions involve a considerable amount
of physical and psychological stress and pain over several
hours daily (4,14). Whereas the acute effect of physical ex-
ercise on the pain system of athletes has been studied in depth
(18), the effect of acute psychological stress has hardly been
studied. Stress is currently defined as a cognitive perception
of uncontrollability and/or unpredictability that is expressed
in physiological and behavioral responses (19). Triathletes
report of high levels of psychological stress during training
and competitions, ranging from 4 to 7 on a 0–10 scale (14).
This group of athletes thus provides a unique opportunity to

study the interactions between intense exercise, stress, and the
pain system.

In a previous study assessing the baseline pain perception
of triathletes, we found that they exhibited greater pain tol-
erance, lower pain ratings, and more efficient pain inhibition
capabilities compared with nonathlete controls (14). This
sensory profile of an increased ability to modulate pain is
probably related to triathletes" exceptional performances.
However, we also found that the magnitude of pain inhibi-
tion inversely correlated with the levels of reported psy-
chological stress during training and competitions so that the
higher the reported stress, the less efficient was pain inhi-
bition (14). Notably, the stress levels in the aforementioned
study were recorded retrospectively using self-report scales.
There is thus a need to validate these reports and to verify
causal relationship between stress and pain modulation in
this population. We were unable to find other studies in
which the effect of acute psychological stress on pain per-
ception was evaluated among athletes.

The effect of acute psychological stress on pain perception of
nonathletes on the other hand has been widely studied yielding
inconsistent results. Several studies reported an increase in pain
threshold/tolerance after psychological stress, a phenomenon
termed ‘‘stress-induced analgesia’’ (SIA) (1,12), whereas others
reported enhancement in pain, i.e., stress-induced hyperalgesia

Address for correspondence: Ruth Defrin, Department of Physical Therapy,
Sackler Faculty of Medicine, Tel-Aviv University, Tel-Aviv 69978, Israel;
E-mail: rutidef@post.tau.ac.il.
Submitted for publication May 2016.
Accepted for publication September 2016.

0195-9131/17/4902-0333/0
MEDICINE & SCIENCE IN SPORTS & EXERCISE�
Copyright � 2016 by the American College of Sports Medicine

DOI: 10.1249/MSS.0000000000001110

333

A
PPLIED

SC
IEN

C
ES

Copyright © 2017 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



(SIH) (7,9). Fewer studies tested additional aspects of the
pain system, showing a reduction (26) or no effect of stress
on pain inhibition (8) or on pain excitation (8,9). Using a
validated psychological stress manipulation, we recently
reported that acute stress reduced the pain inhibition and
increased pain excitation among nonathletes (15). Further-
more, the effect correlated positively with the degree of
perceived stress induced by the manipulation; the higher
the acute stress response, the stronger was the effect. The
question arises whether triathletes, who have more efficient
pain modulation capabilities than nonathletes at baseline,
respond to stress in a similar manner or whether their pain
modulation capacity is ‘‘resilient’’ to acute psychological
stress manipulation. The aim of the present study was
therefore to investigate the manner by which pain percep-
tion and pain modulation of triathletes are affected by acute
psychological stress.

METHODS

Subjects

Participants were 25 male triathletes and ironman triathletes
(mean T SD age = 35.9 T 10 yr). We included only male
subjects to avoid the confounding effect of sex on both pain
modulation and stress perception and regulation. The subjects
were recruited by advertisements posted at the university and
Internet sites of triathlon. Inclusion criteria were as follows: a
training routine of at least 7 hIwkj1 and participation in at
least five triathlon and/or ironman triathlon competitions per
year. Exclusion criteria were acute or chronic pain, present or
previous pathology in the hands (testing site), bruises or any
other skin lesions on the hands, diseases causing potential
neural damage (e.g., diabetes), and systemic and mental ill-
nesses (e.g., anxiety disorders, depression, and bipolar disor-
der). Informed consent was obtained from all the participants
after explaining the goals of the study. The experiment was
approved by the Helsinki committee of Sheba Medical Center
and the institutional review board of Tel-Aviv University.

Equipment

Thermal stimulators. Heat stimuli were delivered using
two Peltier-based computerized thermal stimulators (TSA II;
Medoc Ltd., Israel), with 3� 3 cm contact probes. According
to the principles of the Peltier element, a passage of current
through the Peltier element produces temperature changes at
rates determined by an active feedback system. As soon as the
target temperature or designated sensation is attained, probe
temperature actively reverts to a preset adaptation temperature
by passage of an inverse current. The adaptation (baseline)
temperature was set to 35-C, and the maximal temperature
was 52-C. The probes were attached to the testing site using a
Velcro band.

Recording and processing of physiological sig-
nals. The physiological signals were recorded, sampled,
and stored using a personal computer with the PMD-100

system (Medasense Biometrics Ltd., Ramat Yishay, Israel).
A one-lead ECG signal was sampled with a frequency of
500 Hz, and a reflectance-mode Photo-plethysmograph
(PPG) signal from the right-hand index finger was sampled
with the same frequency. Skin conductance (measured in
microsiemens) was measured using two electrodes posi-
tioned on the volar pads of the distal phalanx in index
finger and was sampled with a frequency of 31.25 Hz. The
recorded signals were synchronized and processed offline
using Matlab R2010 scientific software (The Mathworks,
Inc., Natick, MA).

The Montreal Imaging Stress Task

The Montreal Imaging Stress Task (MIST) was used to
induce acute psychological stress. The MIST is a reliable and
versatile tool for inducing stress perception and physiological
responses (10). The principal component of the MIST is a
computer program that displays a mental arithmetic task, a
rotary dial for submission of a response, a text field that
provides feedback on the submitted response (‘‘correct,’’
‘‘incorrect,’’ or ‘‘timeout’’), and two default performance
indicators, one for the individual subject"s performance
and one for average performance of all subjects. The
program runs for 8 min during which the tasks appear one
by one. Each task is time limited; the elapsed time is displayed
by a progress bar moving from left to right on the computer
screen, with the exact time allowed for each task depending on
the subject"s previous performance. The program continuously
records the subject"s average response time, and the number of
correct responses and adjusts the time limit continuously to
enforce a range of approximately 20% to 45% correct an-
swers. Before the task, the investigator informs the subject that
the average performance is approximately 80%–90% correct
answers and that his individual performance should be close
or equal to the average performance of all subjects if the
subject"s data are to be used in the study. Finally, the subject is
told that the investigator is after his performance but cannot
help or talk with him and that the director of research is after
the performance on a second monitor in the control room.
After the end of the session, the investigator informs the sub-
ject about a poor performance and asks him to try again to do
his best. After completion of the second session, the subject
receives again a negative feedback about his performance.

Indices of the Stress Response

Perceived stress. Perceived stress was evaluated using
a visual analog scale (VAS). The VAS consisted of a 10-cm
line with two anchor points at its extremes, set as 0 = no
stress and 10 = most intense stress imaginable.

State anxiety. Anxiety was evaluated with the short
form of the State-Trait Anxiety Inventory (32). This ques-
tionnaire contains 10 items, and subjects are asked to rate the
degree to which they experienced each symptom of anxiety
at that moment on a four-point Likert-type scale (1 = not at
all to 4 = very much so). This measure of state anxiety has
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been used extensively in previous research and has consis-
tently demonstrated good psychometric properties, espe-
cially under conditions of stress.

Autonomic variables. The sympathetic–adrenal–medullary
system responds to stress by secreting noradrenaline thereby
increasing sympathetic tone, resulting in, e.g., an increase in
HR and skin conductance and a decrease in heart rate vari-
ability (HRV). The sympathetic response was thus investi-
gated by recording the change in HR, HRV, and galvanic skin
response (GSR) using the PMD-100 system. HR, HRV, and
GSR were recorded continuously during the experiment, and
the values were extracted offline for relevant time points as
described in the following sections.

Salivary cortisol. The hypothalamic–pituitary–adrenal
axis is strongly activated by psychosocial stress and secretes
the stress hormone cortisol (11). Saliva samples of cortisol
were collected with Salivettes (Sarstedt, Rommels-dorft,
Germany). Participants were asked to place a Salivette
(cotton roll) in their mouths, chew on it for a minute until it
became saturated, and place it in storage container. The
samples were then stored at j20-C up to 3 months, until
assayed. Cortisol levels were assayed using a commercial
ELISA kit (Assay Design, Ann Arbor, MI). Measurements
were performed in duplicate, according to the kit"s in-
structions with the reagents provided. Cortisol levels were
calculated using MatLab 7, according to standard parametric
calibration curves based on the data from the kit (20).

Quantitative Sensory Testing of Pain Perception
and Modulation

Pain threshold and pain tolerance. Pain threshold
and pain tolerance were measured with the method of limits,
using the thermal stimulator. For each threshold measure-
ment separately, subjects received four successive ramps of
gradually increasing temperature, starting from a baseline
temperature of 35-C, at a rate of 2-CIsj1 (interstimulus in-
terval of 30 s). For pain threshold, the subjects were asked to
press a switch when a pain sensation was first perceived. For
pain tolerance, the subjects were asked to press a switch
when they could no longer withstand the pain. Pressing the
switch resulted in an automatic recording of the threshold
temperature and reset the probe temperature to baseline
value. Pain threshold and pain tolerance were computed
separately by averaging the readings of four successive
stimuli in each measurement (15).

Perceived pain intensity. Perceived pain intensity was
measured with the method of direct scaling, using the ther-
mal stimulator and a VAS. The VAS end points were set as
0 = ‘‘no pain sensation’’ and 10 = ‘‘the most intense pain
sensation imaginable.’’ Subjects received a series of thermal
stimuli and were asked to rate their pain after each stimulus
on the VAS. The stimulus intensities, presented in an as-
cending manner in steps of 1-C, rose from a baseline tem-
perature of 35-C (rate of rise 2-CIsj1), to a destination
temperature ranging from 37-C to the intensity eliciting 6 on

the VAS, at which it remained for 1 s and then returned to
baseline. An interstimulus interval of 45 s was maintained to
avoid any changes in skin sensitivity and to allow for ade-
quate VAS scoring. Individual stimulus–response functions
were obtained for each subject, and the temperature eliciting
a value of 5 on the VAS was extracted from the functions to
be used in the subsequent testing described in the following
section (14).

Conditioned pain modulation index of pain inhi-
bition. Conditioned pain modulation (CPM) is an experi-
mental paradigm that is designed to evaluate the efficacy of
a descending pain inhibition pathway termed ‘‘diffuse noxious
inhibitory control (DNIC).’’ The DNIC pathway, mediated by
the brain stem subnucleus reticularis dorsalis, causes pain re-
duction in a particular body region by noxious stimuli applied
in an another remote body region (39,40). CPM was measured
by applying a noxious stimulus to one forearm (the ‘‘test
stimulus’’ [TS]) and evaluating its perceived intensity alone,
and in the presence of another noxious stimulus applied to the
contralateral forearm (the ‘‘conditioning stimulus’’ [CS]). The
two stimuli were administered with two thermal stimulators.
The TS was noxious heat at an intensity equivalent to 5 on the
VAS (individually adjusted), applied to the volar aspect of the
forearm for duration of 10 s. The CS was noxious heat at an
intensity equivalent to 5 on the VAS, applied to the volar as-
pect of the contralateral forearm for 25 s. The second appli-
cation of the TS occurred 15 s after the application of the CS.
The subjects were asked to rate the TS immediately upon its
termination. The magnitude of CPM was calculated by
subtracting the VAS rating of the TS in the presence of the CS
from the VAS rating of the TS alone (15).

Tonic suprathreshold pain index of pain enhance-
ment. The complementary test of CPM is tonic suprathreshold
pain (TSP), an experimental paradigm that is designed to
evaluate the excitability of the pain system, specifically
the function of spinal nociceptive neurons that respond to
repeated/constant noxious stimuli of fixed intensity by a
gradual increase in their output, the ‘‘windup’’ phenomenon
(33). TSP was measured by administering to the forearm a
noxious heat stimulus at temperature equivalent to 5 on the
VAS for 20 s. Subjects were asked to rate the amount of
perceived pain (using VAS) at the beginning of the stimulus
and after 15 s. The magnitude of TSP was calculated by
subtracting the first VAS rating from the last (14).

Procedure

Each subject was invited to a single testing session that
lasted approximately 3 h. The subjects were instructed to
avoid physical exercise 24 h before the testing day as well as
on the testing day itself and to refrain from food and caffeine
1 h before testing. Because cortisol levels normally fluctuate
throughout the day, all subjects were tested beginning at 1 PM.
Testing took place in a quiet room. Temperature in the room
was maintained at 22-C. The subject sat in a comfortable
armchair. After signing an informed consent, the subject was
trained in the psychophysical and endocrine measurements.
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After a short break, the subject was connected to the monitor
sensors that remained active thereafter for the entire experiment.

Figure 1 describes the experimental protocol. Similarly to
our previous study (15), there were four main epochs from
which data were obtained, as follows:

A) Baseline. The subject was asked to rest quietly for 10min
(from which time baseline autonomic variables were
extracted) immediately after which the first saliva sample
was taken, and the first perceived stress and the state
anxiety scores were obtained.

B) Prestress pain measurements. The subject underwent a
series of testing that included the measurement of pain
threshold, pain tolerance, perceived pain intensity, CPM,
and TSP. Upon completion of these measurements, the
second saliva sample was taken, and the second per-
ceived stress and the state anxiety scores were obtained
to evaluate whether pain testing induced a stress effect.

C) During stress (MIST) pain measurements. The subjects
were explained how to operate the software of the
MIST and received the preparatory explanations for the
stress manipulation after which the software was run for
8 min. At the end of the task, the subjects received a
negative feedback about their performance and were
asked to perform the task again for additional 8 min
after which they received again a negative feedback
about their performance. Immediately upon completion
of the two MIST tasks, the third saliva sample was
taken, and the third perceived stress and the state anxi-
ety scores were obtained to evaluate whether the ma-
nipulation induced stress. Afterward, the same sensory
testing as in epoch B was performed in the same order.
It was important to maintain the order of measurements
before and after the stress manipulation to avoid addi-
tional influencing factors.

D) Recovery. Upon completion of the pain measurements,
the subjects received an explanation of the true purpose
of the MIST and were assured that their performed was
satisfactory. They were informed that the experiment is
over and were asked to relax and rest. Approximately
20 min after the reassurance, the forth saliva sample
was taken and the forth perceived stress, and state
anxiety scores were obtained to evaluate whether stress
response had subsided.

Data Analysis

Data were analyzed using IBM SPSS statistic software
version 21. The sample size was estimated a priori based on
our previous experience with the psychophysical testing and
on the expected difference between baseline and stress con-
dition in the mean values of the main outcome measures: pain
threshold and CPM. For > = 0.05 and statistical power of
80%, the calculation yielded a sample size of 18 subjects and
for > = 0.01, 24 subjects. Continuous variables were de-
scribed as means T SD and categorical variables as counts and
%. All data underwent the Kolmogorov–Smirnov analysis for
normality of distribution. Parametric and nonparametric
analyses of variance with corrected post hoc tests were used
to evaluate the effect of condition (baseline, prestress, stress,
and recovery) on perceived stress, perceived anxiety, HR,
HRV, GSR, cortisol, and the sensory tests (pain threshold,
pain tolerance, CPM, and TSP). The magnitude of change in
the sensory indices after the stress manipulation was calcu-
lated by subtracting the level measured during stress from that
measured at baseline. The correlations between changes in
the sensory indices (delta values) and between the stress and
the demographic indices were calculated using Pearson"s
correlation coefficients. P G 0.05 was considered significant.

RESULTS

Characteristics of the Study Groups

Triathletes reported that they had engaged in triathlon
and/or ironman triathlon sport for the last 8.6 T 6.9 yr (range
1–24 yr), had participated in 12.32 T 7.2 competitions on
average (range 5–42) every year, and had trained for 16.43 T
9.8 hIwkj1 (range 7–31.5 h). The triathletes reported that they
experience moderate to high levels of physical and mental
stress during training (5.04 T 2.8 and 4.25 T 3.2 VAS units,
respectively) and competition (6.5 T 3.5 and 5.7 T 2.7 VAS
units, respectively).

Validation of the Stress Response

Table 1 presents the values of the stress indices in the four
conditions of the study: rest, prestress pain measurement, stress
(post-MIST), and recovery, as well as comparisons between
the conditions (t-tests). A significant main effect of condition

FIGURE 1—The experimental protocol. QST, quantitative sensory testing.
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was found on perceived stress, perceived anxiety, and GSR,
and a borderline effect was also found on cortisol levels.
Post hoc tests revealed that the level of perceived stress,
perceived anxiety, HR, GSR, and cortisol significantly in-
creased during stress as compared with baseline and prestress
condition and then decreased to baseline values in recovery.
The level of HRV decreased during stress as compared with
baseline and prestress condition and then increased back to
normal in recovery.

The Effect of Stress on Pain Perception

Pain threshold and pain tolerance. A significant ef-
fect of stress was found on pain threshold, which decreased
compared with baseline (P 9 0.01) (Fig. 2A). By contrast,
stress did not affect pain tolerance threshold, which remained
steady during baseline and stress conditions, respectively
(Fig. 2B). The reduction in pain threshold correlated with the
increase in perceived stress (r = j0.48, P G 0.01) and per-
ceived anxiety (r =j0.53, P G 0.01). Namely, the greater the
stress response of the individuals, the smaller was the SIH.

CPM. A significant main effect of condition (F1,47 =
27.04, P G 0.0001) was found on the pain ratings of the TS;
CPM magnitude reduced significantly during stress (delta
of 1.72 T 2 VAS units) as compared with baseline condition
(delta of 3.15 T 1.7, P G 0.0001) (Fig. 2C). The reduction in
CPM due to stress correlated negatively with HRV during
stress (r = j0.48, P G 0.05) and with the increase in per-
ceived stress due to the stress manipulation (r = j0.39,
P G 0.05). Namely, the greater the stress response of the
individuals, the smaller was the reduction in CPM.

TSP. Stress did not affect TSP (F2,46 = 0.19, P = 0.90).
At baseline, pain ratings increased from 4.38 T 1.5 to 5.04 T
2.3 VAS units (P = 0.1) and during stress, from 4.43 T 1.3 to
5.03 T 2.4 VAS units (P = 0.08), namely, a similar magnitude
of 0.67 T 2.5 and 0.6 T 2 VAS units, respectively (not shown).

High- and Low-Stress Responders

Because of the correlations between the change in per-
ceived stress after the manipulation and between pain
threshold/CPM, and to further explore the relationship be-
tween the reactivity to stress, pain perception, and baseline
characteristics of the triathletes, we divided the group into

two subgroups according to their perceived stress level. We
chose perceived stress for this purpose and not the other,
objective indices of stress because this variable represents the
current definition of stress (19). Accordingly, low-stress re-
sponders (n = 9) had below group mean perceived stress level
(4.38 T 2.0 VAS units), and high-stress responders (n = 16)

TABLE 1. Stress indices obtained in the four epochs of the study.

Baseline Prestress Measurements Stress Recovery F P

Stress (0–10) 1.2 T 1.4*,a 0.82 T 1****,b 6.89 T 2.9****,c 0.94 T 1.6****,d 98.32 G0.000
State anxiety (10–40) 12.88 T 2.9*,a 11.96 T 2****,b 22.36 T 6.9****,c 13 T 2.9****,d 78.74 G0.000
HR (bpm) 54.86 T 6.1**,a 57.11 T 6.6*,b 64.75 T 26.7**,c 51.19 T 14.1****,d 2.18 0.1
HRV (Hz) 33.03 T 8.8*,a 29.55 T 9*,b 27.93 T 7.8*,c 32.8 T 11.3 1.55 0.21
GSR (mmol) 5.05 T 4****,a 11.2 T 7.7****,b 12.94 T 10.1****,c 10.23 T 8.2**,d 15.07 G0.000
Cortisol (pgImLj1) 670.3 T 399 751.66 T 769*,b 1085.88 T 969*,c 645.4 T 491**,d 2.35 0.085

Values are presented as mean T SD, F values, and P values from the ANOVA.
aPaired comparisons between baseline and prestress measurements.
bPaired comparisons between prestress and during stress measurements.
cPaired comparisons between baseline and during stress measurements.
dPaired comparisons between during stress and recovery measurements.
*P G 0.05.
**P G 0.01.
***P G 0.001.
****P G 0.0001.

FIGURE 2—Pain perception and modulation tests pre- and poststress
manipulation. A, Pain threshold significantly decreased after the stress
manipulation as compared with baseline (**P G 0.01). B, Pain tolerance
was not affected by the stress manipulation. C, A significant CPM was
induced in both prestress and during stress condition (1****P G 0.0001
and 2***P G 0.001, respectively); however, the magnitude of CPM sig-
nificantly decreased after the stress manipulation as compared with
prestress condition (3***P G 0.001). Values denote mean T SEM.

PAIN MODULATION OF ATHLETES UNDER STRESS Medicine & Science in Sports & Exercised 337

A
PPLIED

SC
IEN

C
ES

Copyright © 2017 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



had above group mean perceived stress level (8.37 T 0.6 VAS
units) (P G 0.0001). Low- and high-stress responders did not
differ in age or in training/competition variables.

Table 2 describes the characteristics of the low- and high-
stress responders with regard to their perceptions toward
stress during triathlon training and competitions and in the
experiment day, at baseline and after the stress manipulation.
The low-stress responders reported lower stress levels in
everyday life activities related to the triathlon (training and
competitions) and also lower stress levels in the experiment
comparedwith high-stress responders. In addition, the changes
in perceived stress (Fig. 3A) and in cortisol level (Fig. 3B)
after the stress manipulation was significantly smaller in the
low-stress compared with the high-stress responders. In fact,
the former did not exhibit any significant increase in cortisol
after the manipulation. Note that low-stress responders also
had a lower level of perceived stress at baseline compared
with high-stress responders (Fig. 3A).

With reference to the psychophysical testing, the pain
threshold decreased significantly after stress manipulation
among both low- and high-stress responders to a similar de-
gree (delta of 0.83-C T 0.8-C, P G 0.01, and 1.05-C T 2.5-C,
P G 0.05, respectively) (not shown). Pain tolerance, on the
other hand, decreased only among low-stress responders (delta
of j0.47-C T 0.5-C, P G 0.05) and did not change among
the high-stress responders (delta of +0.21-C T 0.8-C, P = 0.1)
(Fig. 4A). The difference in the change in pain tolerance between
low- and high-stress responders was significant (P G 0.05).

CPM decreased significantly in both low- and high-stress
responders because of stress conditions (delta of j2.39 T 2
and j0.89 T 1 VAS units, between baseline and stress
condition P G 0.05, respectively), but the reduction in CPM
in low-stress responders was significantly more pronounced
(P G 0.05) (Fig. 4B). It is noteworthy that low-stress re-
sponders had significantly higher CPM at baseline compared
with high-stress responders (P G 0.001) (Fig. 4B). Never-
theless, the percent change in CPM (between baseline and
stress condition) in low- and high-stress responders was
j60.15% and j34.28%, demonstrating an almost twofold
decline in CPM in low- versus high-stress responders.

TSP was not significantly affected by the stress manipu-
lation in either low- or high-stress responders. Interestingly,
only high-stress responders exhibited TSP both at baseline
(+1.46 T 2.2 VAS units) and during stress (+1.14 T 2.2),
whereas low-stress responders did not present any change in

pain ratings in the TSP testj0.39 T 1.6 andj0.06 T 2.4 VAS
units, respectively) (not shown).

DISCUSSION

The results suggest that SIH manifested in the reduction
in pain threshold and reduction in CPM. Interestingly,
however, SIH correlated negatively with the magnitude of
the subjects" stress response. This was observed at a group
level, in which SIH was smaller as stress response was
stronger, and also after the division into two subgroups
wherein greater SIH was noted among low- versus high-
stress responders. This seemingly paradoxical profile sug-
gests that the response of triathletes to psychological stress is
complex, as discussed in the following section.

TABLE 2. Levels of cortisol and reported stress in everyday life and in the experiment.

Low-Stress Responders High-Stress Responders P

Perceived mental stress during training* 3.11 T 3.9 4.93 T 2.6 G0.05
Perceived physical stress during training* 3.67 T 3.6 5.87 T 1.8 G0.05
Perceived mental stress during competitions* 3.75 T 2.7 6.87 T 1.9 G0.001
Perceived physical stress during competitions* 4.11 T 3.6 7.95 T 2.7 G0.01
Perceived stress at baseline (experiment day)* 0.49 T 0.6 1.59 T 1.6 G0.05
Perceived anxiety at baseline (experiment day)* 11.1 T 1.4 13.88 T 3.1 G0.01
Cortisol at baseline (experiment day) (pgImLj1) 854.96 T 691 593.35 T 191 0.11
Delta perceived stress (baseline vs stress)* 3.89 T 2.1 6.78 T 1.7 G0.001
Delta cortisol (baseline vs stress) (pgImLj1) j166.06 T 670 728.1 T 1084 G0.05

Values are presented as mean T SD.
*Scale 0–10.

FIGURE 3—Stress indices among low- and high-stress responders. A,
Baseline perceived stress was significantly higher among high- versus
low-stress responders (1*P G 0.05). Both subgroups exhibited an in-
crease in perceived stress after the manipulation (2****P G 0.0001 and
3***P G 0.001, respectively); however, this increase was larger among
high-stress responders (4****P G 0.0001). B, Cortisol level of high-stress
responders significantly increased after the stress manipulation (1**P G
0.01), whereas that of low-stress responders did not change, leading to a
significant subgroup difference in cortisol after the manipulation (2*P G
0.05). Values denote mean T SEM.
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Stress-induced hyperalgesia. In our previous study
(14), the CPM was more efficient in triathletes than that in the
controls, a trait that may underlie their ability to persevere in
intense physical efforts despite the involved pain. Yet the
previous study also demonstrated that the level of CPM
among triathletes inversely correlated with the level of their
perceived psychological stress during training and competi-
tions; the higher the reported stress, the less efficient was CPM.
Because psychological stress in the previous study was based
on retrospective self-reports, the purpose of the present study
was to induce an acute, controlled psychological stress and to
test its effect on pain perception and pain modulation. We
were interested to learn whether the very efficient baseline
pain modulation of triathletes will render them more resilient
to stress. The results show that triathletes are by no means
resilient to stress; rather, they respond with an increase in the
sensitivity to pain as well as a decrease in pain inhibition.

The SIH seen here among athletes correspond with SIH
seen among nonathletes after the same (15) or other stress
manipulations (7,9,26). However, several studies have also
reported the opposite phenomenon to SIH, namely, SIA that
manifested in the elevation of pain threshold (1,12) or pain
tolerance (5,12) after stress manipulations. Others have also
noted lack of effect of acute stress on pain threshold (8,16).
The diversity of effects that psychological stress has on pain
perception may stem from variability in the pain induction

methods (24,35) and in the stress manipulation applied
(7,16). However, a more likely explanation for the diversity
of reported stress effects on pain perception is the validity of
the stress response. In very few studies was the stress re-
sponse validated and corresponded with the revised, modern
definition of stress (19), namely, an increase in perceived stress
together with an increase in hypothalamic–pituitary–adrenal axis
and/or sympathetic–adrenal–medullary variables. In the present
study, the acute stress response was validated by both subjective
and objective stress markers.

The mechanisms underlying SIH are not clear as yet. The
connectivity between the stress system and the pain modu-
lation systems can at least partly explain this effect. For
example, the stimulation of the dorsomedial hypothalamic
nucleus, known to mediate emotional stress, was shown to
induce thermal hyperalgesia by recruiting the pain-facilitating
‘‘ON cells’’ in the rostral ventromedial medulla (22). There is
also evidence that SIH is linked to secretion of cholecysto-
kinin in the periaqueductal gray (21), which opposes, in turn,
opioid-mediated analgesia (36). Similar mechanisms may be
responsible for the reduction in pain threshold and in CPM
among the triathletes after stress, especially because activity
in the periaqueductal gray and in the medullary subnucleus
reticularis dorsalis mediate such aspects of pain modulation
(39,40). In addition to the connectivity between the hypo-
thalamus and the brain stem, the ventrolateral prefrontal cor-
tex also seems crucial in implementing stress modulation of
pain (38). Anxiety, for example, is accompanied by impaired
ventrolateral prefrontal cortex functioning, leading to se-
lective attention to threat, a biased interpretation of the sit-
uation and, consequently, pain aggravation (38). The SIH
observed here may thus also stem from a variety of top-
down influences on the link between brain structures in-
volved in pain modulation and emotion modulation (for a
review, see (17).

Low- versus high-stress responders. Interestingly,
not all the triathletes responded to stress in a similar manner.
When the triathletes were divided according to the magnitude
of their stress response, low-stress responders had stronger
SIH than high-stress responders. This was manifested as a
decrease in pain tolerance among the former (that did not oc-
cur in high-stress responders) and a greater reduction in CPM
(almost three fold that of high-stress responders). To understand
these seemingly paradoxical results, we searched for additional
differences between low- and high-stress responders. Such
were observed in the baseline profile of the subjects. First, low-
stress responders had better CPM and no TSP compared with
high-stress responders, namely, they seemed to have a better
pain inhibition profile at baseline. Second, low-stress re-
sponders had lower levels of perceived stress and anxiety at
baseline and they also reported lower levels of perceived stress
during training and competitions. In other words, they exhibited
less negative emotions at baseline and in everyday life. In ad-
dition, the level of cortisol after the stress manipulation among
low-stress responders was significantly lower compared with
high-stress responders.

FIGURE 4—Pain perception and modulation tests pre- and poststress
manipulation among low- and high-stress responders. A, Heat pain
tolerance that was similar in high- and low-stress responders at baseline
decreased significantly after the stress manipulation only among low-
stress responders (*P G 0.05). B, CPM that was significantly better in
low-stress responders at baseline (1**P G 0.01) decreased among both
high-stress (2*P G 0.05) and low-stress (3**P G 0.01) responders; how-
ever, the reduction was significantly greater among the latter group
(4**P G 0.01) (B). Values denote mean T SEM.
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Thus, the stronger SIH exhibited by low-stress responders
could be a result of several factors. It is possible that people
with more efficient pain modulation at baseline are affected
the most by SIH simply because they have high ceiling
levels that can only be reduced if affected. For example, if
the stress manipulation is able to reduce CPM to a floor
value of two VAS units, those who started the experiment
with the CPM of approximately four VAS units will present
a greater reduction in CPM than those who started the ex-
periment with the CPM of only 2.5 VAS units. Although
this explanation may be relevant to CPM, it cannot explain
the between-group differences in pain tolerance because
both subgroups started with the same tolerance level.

Alternatively but not mutually exclusive is the possibility
that the level of the stress-induced arousal determined the
level of SIH. Studies have suggested that SIH occurs under
conditions of low to moderate arousal, whereas the opposite
phenomenon SIA occurs under high arousal (for a review, see
(27)). The theory pertains that increased arousal induces ap-
prehensive anticipation of threat, which in turn induces pain
inhibition because of increased defensive activation or directed
attention to the more salient stimulus/threat (e.g., (30)). In line
with this view, triathletes with lower arousal (lower-stress–
induced levels of cortisol and negative emotion) had stronger
SIH than triathletes with higher arousal. Low-stress responders
were also less stressed out than high-stress responders at
baseline/everyday life. Therefore, the acute stress manipulation
might had a stronger effect on the former group because of the
overall inherent reduced stress/arousal level in these subjects.

Weaker SIH among high-stress responders may also be
related to the antinociceptive effects of cortisol. In the
present study, the high-stress responders who exhibited in-
creased cortisol levels had significantly less SIH than the
low-stress responders in whom cortisol levels did not in-
crease after the manipulation. Studies in animals show that
high levels of corticosteroids reduce spinal excitability (29)
and adrenalectomy increases the severity of hyperalgesia
(13). In subjects, the elevation of corticosteroids, including
cortisol reduce postoperative pain as well as chronic and
acute pain ratings (2,3,23). It is thus possible that the high
cortisol level among high-stress responders counteracted the
SIH because of its antinociceptive effects.

Triathletes versus nonathletes. Although both the
triathletes in this study and nonathletes in our previous study
(15) experienced SIH, it manifested itself somewhat differ-
ently. These groups are comparable because both triathletes
and nonathletes were subject to the same stress manipulation
and the same experimental protocol and conditions. Thus,

only triathletes lowered their pain threshold and only non-
athletes increased their TSP after the stress manipulation. In
addition, triathletes exhibited a far greater reduction in CPM
than nonathletes did. The CPM of triathletes in the present
study reduced from 3.15 at baseline to 1.72 after stress, and
the CPM of nonathletes in our previous study (15) reduced
from 2.42 to 1.77 (delta of 1.43 vs 0.65 VAS units, respec-
tively). These values show that triathletes have more effi-
cient pain inhibition than nonathletes at baseline, also found
with other athletes (e.g., (28,35); however, see (34)) and
highly physically active people (25,37). Yet it appears that
triathletes lose their advantageous CPM over nonathletes
under psychological stress as CPM magnitude becomes
similar to the CPM of nonathletes.

Here again, perhaps the initial ceiling levels of CPM
among triathletes allow for a greater reduction in CPM after
stress than that in nonathletes. Alternatively, perhaps the
reactivity to stress of athletes in general, or toward the stress-
manipulation used here (MIST) in particular, underlies the
different SIH between triathletes and nonathletes. Triathletes
are accustomed to physical and mental challenges and are
highly motivated (6,31). No doubt that the arithmetic tasks
of the MIST and the constant time constraint present a chal-
lenge to both athletes and nonathletes. However, because the
MIST manipulation involves an element of competition, tri-
athletes may have underwent different emotional processing
when required to ‘‘achieve the target’’ than nonathletes did.

In summary, this study shows that despite very efficient
baseline pain modulation, triathletes respond to acute psy-
chological stress by a significant SIH. Paradoxically, how-
ever, this SIH is more pronounced among triathletes with
lower stress-reactivity perhaps because of initial ceiling
levels of pain modulation or lower levels of arousal and
cortisol elevation. Future studies might explore whether this
reactivity pattern is universal to all athletes or depends on
the type and intensity of sport. Despite the SIH after the
MIST, triathletes do persevere in extreme efforts even if these
involve considerable pain and stress. Whether it is a unique
physical and/or psychological profile that enable this perse-
verance despite the involved stress is yet to be determined.
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