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Aims: To test in a randomized controlled trial, if hypertonic saline
(HS)-evoked pain and autonomic function are modulated by either
a cold pressor test (CPT) or mental arithmetic stress induced by
a paced auditory serial addition task (PASAT). Methods: Fourteen
healthy women participated in three sessions. Pain was induced by
two 5% HS infusions (5 minutes each, 30 minutes apart) infused into
the masseter muscle. During the second HS infusion, pain was mod-
ulated by PASAT, CPT, or control (HS alone). HS-evoked pain inten-
sity was scored on a 0 to 10 numeric rating scale (NRS). Heart rate
variability (HRV) and hemodynamic measures were recorded non-
invasively (Task Force Monitor). Data were analyzed using repeated
measurements ANOVAs and Spearman correlation analysis. Results:
HS-evoked pain was significantly and similarly reduced by both PA-
SAT (30.8 = 27.6%; P < .001) and CPT (35.8 = 26.6%; P < .001)
compared with the control session (9.0 = 30.5%; P >.05). PASAT and
CPT increased the heart rate compared with control (P <.001). CPT
reduced measures of vagal activity: Root mean square successive dif-
ference, high-frequency (HF) power, and coefficient of HF component
variance compared with an internal control, ie, the first HS infusion
(P < .05), while PASAT did not alter any of these HRV measures
(P > .05). Conclusion: CPT and PASAT reduced HS-evoked mas-
seter muscle pain and altered the autonomic response. The increase
in heart rate following CPT and PASAT may be caused by different
mechanisms. CPT reduced measures of efferent cardiac vagal (par-
asympatbetic) activity, while the PASAT-induced increase in heart
rate, but unchanged HRV, may suggest neurohumoral activation.
J OROFAC PAIN 2012;26:191-205
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nervous system and cause a series of events; for example, a
rise in heart rate and blood pressure, the release of stress hor-
mones, and respiratory changes. This physiological “fight or flight”
response is an important defense mechanism in acute situations in
which potential or actual tissue damage to the organism exists."? In
contrast, the autonomic nervous system may play a central role for
the chronification of pain.>*
Temporomandibular disorders (TMD) are the most prevalent
subgroup of orofacial pain conditions. However, the underlying

Pain and various types of acute stressors activate the autonomic
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pathophysiological mechanisms that cause pain in
these disorders are not entirely understood.”* An
increased urinary level of the catecholaminergic
neurotransmitters norepinephrine and epinephrine,
released in response to stress, has been demonstrated
in patients suffering from chronic myofascial TMD,”
suggesting that altered sympathetic activity may in-
fluence their perception of pain.* Sympathetically
maintained pain is well known in subgroups of neu-
ropathic pain patients and in patients with complex
regional pain syndrome.*1°

Pain perception as such is a complex process that
depends on various facilitating and inhibiting fac-
tors."! Pain chronification could be partly due to
either an increased facilitation or a decreased endog-
enous pain inhibition, or both.'>!? Several different
endogenous pain-inhibitory mechanisms have been
demonstrated. One mechanism is hypertension-
related hypoalgesia, a term that accounts for the in-
verse relationship between acute pain sensitivity and
resting blood pressure.'*'® Generally, high resting
blood pressure is associated with decreased sensitiv-
ity to noxious thermal and ischemic stimuli,'*'* and
subjects with increased resting blood pressure have
less prevalence of chronic musculoskeletal pain.!”
The physiological mechanism in hypertension-
related hypoalgesia is not fully understood. Vari-
ous possible mechanisms have been suggested (eg,
endogenous opioid activity or noradrenergic activi-
ty),'® but several studies have pointed to the interac-
tion between the baroreceptors and pain-regulatory
processes in the central nervous system as the un-
derlying mechanism.!3!518

Stress-induced analgesia is another endog-
enous pain-inhibitory mechanism in which pain-
modulatory processes have been shown to inhibit
ascending nociceptive information for a short pe-
riod.” Stress-induced analgesia may involve both
endogenous opioids and non-opioid mechanisms.?
Additionally, mechanisms such as conditioned pain
modulation, where pain stimuli in one area of the
body inhibits pain in another area’!??; placebo an-
algesia, where belief and expected pain reduction
results in analgesia®’; and distraction-induced an-
algesia, in which cognitive approaches have pain
inhibitory effects,>*** are other examples of endog-
enous pain inhibition.

To study the above-mentioned endogenous pain-
inhibitory mechanisms in an experimental model
mimicking some of the manifestations of TMD, the
authors wanted to modulate hypertonic saline (HS)-
induced muscle pain by two different stressors: a men-
tal arithmetic task (Paced Auditory Serial Addition
Task, PASAT)?*?” and a cold pressor test (CPT).>"-8
The autonomic involvement was evaluated by heart
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rate variability (HRV), which is regarded as a measure
of autonomic nervous system function and is consid-
ered an indirect biomarker of how effectively an or-
ganism responds to stress-inducing factors.?’ A recent
study in myofascial TMD patients has demonstrated
a reduced nocturnal HRV compared with healthy
controls.’® Also, findings from the OPPERA Study?!
have revealed significant differences in autonomic
function between TMD patients and healthy subjects
when exposed to stressful tasks and during rest.

The aim of the present study was to test, in a ran-
domized controlled trial, if HS-evoked pain and
autonomic function are modulated by either a CPT
or mental arithmetic stress induced by PASAT. HRV
and hemodynamic responses to CPT and PASAT
were compared to determine whether these two tests
have similar or different effects on autonomic tone.
The study specifically tested the following hypoth-
eses: (1) acute stress from the CPT or PASAT reduc-
es the intensity of experimentally induced masseter
muscle pain compared with control and (2) acute
stress from CPT and PASAT induces unique pat-
terns of autonomic and cardiovascular responses
that differ from each other and from control.

Materials and Methods
Participants

Sixteen healthy women (mean age, 22.9 = 2.4 years)
participated. They were recruited by advertise-
ments at the Aarhus University campus and at the
webpage www.forsegsperson.dk (similar to www.
sciencevolunteer.com), and they were compensated
for their participation. All volunteers received both
written and oral information about the experiment
before they signed an informed consent document.
The experimental sessions were performed at the
Danish Pain Research Center, Aarhus University
Hospital, and all data were collected by the same
female investigator (KHB). All 16 volunteers com-
pleted the study, but data from two subjects were
excluded due to technical failures. General exclu-
sion criteria were: TMD according to the Research
Diagnostic Criteria for TMD (RDC/TMD)3%; abnor-
mal electrocardiogram (ECG); inability to read and
understand the written information concerning the
study; chronic or recurrent headaches or other oro-
facial pain conditions; general musculoskeletal pain
disorders; cardiovascular disease; lung insufficien-
cies including asthma; previous sympathectomy; di-
abetes; malignancy; human immunodeficiency virus
(HIV); alcoholism or drug abuse; pharmacological
treatment affecting the vascular or the autonomic
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Fig 1 Experimental design. The three sessions (PASAT, CPT, control) were in randomized order.

nervous system; pregnancy, including pregnancy
planning and fertility treatment; breastfeeding; and
postmenopause.

All volunteers agreed to refrain from intake of
coffee, tea, and other caffeinated beverages/foods, as
well as alcohol, for the 12-hour period prior to an
experimental session. They were obliged to fast for
a minimum of 2 hours before participation and to
refrain from smoking and excessive physical activ-
ity 12 hours before participation. They were not al-
lowed to use any drugs for a minimum of 24 hours
before an experimental session. They must not have
served as volunteers in other research projects during
the month before participation in the present study.

Study Design

The study was performed in accordance with the
guidelines of the World Medical Association Dec-
laration of Helsinki and approved by the Central
Denmark Region Committees on Biomedical Re-
search Ethics (No. 20080054). It was registered
with The Danish Data Protection Agency, Copenha-
gen, Denmark (No. 2008412790).

During experimental sessions, subjects were posi-
tioned comfortably in the supine position in a quiet
room with a mean temperature of about 23°C. All
sessions were performed in a standardized manner.
During experimental recordings (baselines and infu-
sions), the subjects were not allowed to speak unless
an emergency situation occurred.

The study was performed as a randomized con-
trolled crossover design (Fig 1). All subjects partici-

pated in three experimental sessions (PASAT, CPT,
and control) in randomized order with an interval
of at least 7 days between sessions. In each session
of approximately 90 minutes duration, subjects re-
ceived two S-minute painful HS infusions, 30 min-
utes apart. The first HS infusion (HS1) served as an
internal control for variations between sessions?33*
and as a control infusion within session. The second
HS infusion (HS2) was administered during the per-
formance of PASAT, CPT, or control.

Experimental Pain Model

Sterile HS 5% was infused to induce experimental
masseter muscle pain. The use of HS is a validated,
safe, and widely used model to evoke experimental
deep tissue pain, ie, muscle pain.**¢ HS is a nonspe-
cific, painful stimulus that activates nociceptive mas-
ticatory muscle group III and IV afferents.>*” Each
infusion was administered by the use of B.Braun
Perfusor Space syringe pump (B.Braun Melsungen
AG) through a disposable syringe and 27-gauge
hypodermic needle placed into the deep central
segment of the right masseter muscle. B.Braun
provided custom-made software for an automatic
standardized infusion paradigm according to the re-
quirements of the study design. Initially a bolus of
0.14 mL HS, infusion rate 51.42 mL/h, was infused
to evoke pain, followed by a maintenance infusion
rate of 6 mL/h, which lasted until 5 minutes of HS
infusion was achieved. In total, 0.60 mL HS was ad-
ministered per infusion. The needle remained inside
the muscle tissue for the entire S-minute duration of
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the infusion. A new disposable needle was used for
each infusion.

Stressors

Mental Stress Test. During PASAT (+HS2), the sub-
jects were, through headphones, presented with a
random sequence of digits from 1 to 9 with a con-
stant interval of 2.4 seconds between each digit for
a fixed period of 5 minutes duration.?® The last two
presented digits were continuously added by the
subject, and this sum was immediately spoken out
loud continuously during the entire 5 minutes. Sub-
jects were requested to concentrate on the task and
to score as many correct answers as possible. All
scores were recorded, and the percentage of correct
answers in total for the 5-minute task was subse-
quently calculated. During PASAT (+HS2), subjects
simultaneously immersed their right foot in neutral
water (33°C) to the level just above the malleolus to
control for any change in body position or mechani-
cal stimulation affecting the outcome (Fig 1).

CPT. During CPT (+HS2), the subjects were re-
quested to immerse their right foot in ice water
(1.2°C = 1.3°C) to the level just above the malleo-
lus for 5 minutes. All subjects performed the task
without withdrawal. During CPT (+HS2), subjects
simultaneously repeated the digits presented dur-
ing the PASAT without any calculation to control
for speech-induced respiratory changes affecting the
outcome (Fig 1).

Control. In all sessions during HS1 and during
HS2 in the control session, the subjects both per-
formed the repetition of the digits presented dur-
ing the PASAT without any calculation to control
for speech-induced respiratory changes affecting the
outcome and immersed their foot in neutral water
to control for any change in body position or me-
chanical stimulation affecting the outcome (Fig 1).

Pain Assessment

Subjects reported HS-evoked pain intensity on a 0
to 10 numeric rating scale (NRS) indicating peak
and average perceived pain levels after each infu-
sion. “0” represented no pain and “10” represented
maximum imaginable pain. Peak and average un-
pleasantness from the HS-evoked pain was also reg-
istered on a 0 to 10 NRS, where “0” represented
no unpleasantness and “10” represented maximum
imaginable unpleasantness.?*’

After each infusion, the subjects marked the spa-
tial extent of the HS-evoked pain from an extraoral
and an intraoral aspect on an anatomical draw-
ing (DRAW). Subsequently DRAWSs were digitized
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(Sigma Scan Pro 4.01.003) to obtain a quantitative
measure of the pain area (mm?) that included the
potential referred pain area.’**

Pain on palpation (POP) was estimated by means
of a manual palpometer on a 0 to 100 NRS in
which “0” was no sensation, “50” was just barely
painful (pain detection threshold), and “100” was
maximum imaginable pain. This scale was chosen
to cover both nonpainful and painful sensations. At
the beginning of each session, the subjects received
careful and detailed instructions on how to rate the
intensity of the mechanical stimulus, and it was en-
sured that the subjects understood the scale and the
instructions.*>*! POP levels were obtained on both
the experimental and control (contralateral muscle)
sides after each infusion. The manual palpometer
consisted of a spring-coil with a 1-cm? probe by
which 1 kg of pressure was applied to the central
segment of the masseter muscle.*” The choice of 1
kg pressure was made based on recommendations
from the RDC/TMD.?? Each manual palpation took
approximately 2 seconds, on each side. Subjects
were asked to keep their jaw and muscles in a re-
laxed position during palpation.

Autonomic Parameters

Throughout the entire session, the Task Force
Monitor (TEM) (CNSystems Medizintechnik AG)
noninvasively and continuously recorded the ECG,
beat-to-beat and oscillometric blood pressure, im-
pedance cardiography, and respiration (RESP).**3
From these recordings, mean values of HRV in
the time and frequency domain, systolic and dias-
tolic blood pressure (mmHg), stroke volume (mL),
cardiac output (L/min), total peripheral resistance
(dyne*s/cm?®), RESP (turns per minute [tpm]), and
baroreceptor sensitivity (ms/mmHg) were estimat-
ed. Subjects acclimatized in the supine position for
at least 30 minutes before TFM recordings. Four
electrodes were placed for ECG monitoring. Three
band-electrodes were placed for cardiographic
monitoring, one situated at the neck and one at each
side of the thorax at the level of processus xiph-
oideus. Finally, one ground electrode was placed at
the right-side hip bone. All electrodes were original
TFM single-use electrodes. Skin areas were disin-
fected prior to electrode application. Estimates of
stroke volume were obtained from the impedance
measurements.* An estimation of cardiac output
was derived from stroke volume multiplied by heart
rate. From the TFM default setting of the central
venous pressure at 3 mmHg and the mean arte-
rial blood pressure, total peripheral resistance was
estimated as (mean arterial blood pressure minus



central venous pressure divided by cardiac out-
put)*80. The rate of RESP was obtained from the
band-electrodes at the xiphoid level.

Beat-to-beat blood pressure was recorded by the
use of a double inflatable finger cuff measuring
randomly at the second or third finger. Beat-to-beat
blood pressure was automatically adjusted to the
oscillometric blood pressure measured every fifth
minute and from these measurements, systolic and
diastolic blood pressures were generated. A measure
of baroreflex activity was achieved from the mean
slopes of all regression lines between RR-interval
changes and systolic blood pressure levels.* RR-
intervals are defined as the distance in ms between
consecutive normal R waves from the QRS com-
plexes in the ECG recordings.*

For estimation of HRV in the time and frequency
domain, raw data from the ECG lead II was used.
The TFM software is not suitable for detection and
verification of the correctness of the QRS com-
plexes.***” In order to remove false detections due
to noise or arrhythmias (ie, missing beats or ectopic
beats), custom-made software was employed (Aal-
borg University). A Pan-Tompkins-like algorithm
was used for QRS detection.*® Power Spectral Anal-
ysis can be used to estimate autonomic tone from
HRV.* Parasympathetic activity can be separated
from sympathetic activity since high-frequency pow-
er (HF power; 0.15 to 0.4 Hz) is regarded as an in-
dex of pure cardiac vagal activity, and low-frequency
power (LF power; 0.04 to 0.15 Hz) as a baroreflex-
mediated response influenced by both parasym-
pathetic and sympathetic activity.?>#* HRV time
domain measures were composed of mean RR inter-
val, mean of all normal RR intervals (ms), standard
deviation of all normal RR intervals (SDNN; ms),
and the square root of the mean-squared differences
of successive normal RR intervals (RMSSD; ms).*
HRV frequency domain measures were composed
of LF power (ms*Hz), coefficient of LF component
variance (CCV-LF; %), HF power (ms*Hz), coeffi-
cient of HF component variance (CCV-HEF, %), and
total power (ms*/Hz).** For power spectral analysis,
the autoregressive method was used, with a model
order of 20.°° It was hypothesized that HRV, as a
measure of autonomic function, during both stress
tasks (CPT and PASAT) would be reduced but to a
different extent and different from control.

Statistical Analyses

The number of subjects was based on a paired de-
sign sample size calculation. The objective was to be
able to detect a 25% reduction in peak pain, and
the intraindividual coefficient of variance of the peak

Bendixen et al

pain measures was estimated to 20%, giving a mini-
mum of 10 healthy subjects. Peak pain scores were
the primary outcome parameter from the subject-
based scores of pain. Average pain scores, peak and
average unpleasantness scores, DRAW (intra- and
extraoral), and POP scores were secondary effect
parameters. Primary outcome parameters from the
autonomic and cardiovascular measurements were
mean RR, RMSSD, and SDNN. All other data were
considered secondary outcome parameters. Absolute
peak and average values of pain and unpleasantness
scores were analyzed with the use of two-way analy-
sis of variance (ANOVA) with session (CPT, PASAT,
and control) and time (HS1 and HS2) as repeated
measurement factors. Absolute values of DRAW,
systolic and diastolic blood pressures, stroke vol-
ume, cardiac output, baroreceptor sensitivity, total
peripheral resistance, and RESP were analyzed with
the use of two-way ANOVA with session (CPT, PA-
SAT, and control) and time (baseline 1, HS1, baseline
2, and HS2) as repeated measurement factors. POP
scores were tested with the use of a three-way ANO-
VA with session, time, and side (experimental and
control) as repeated measurement factors. To accom-
modate the assumptions of normal distributions, the
HRYV data in the frequency domain were log trans-
formed before analysis. Mean RR intervals, SDNN,
RMSSD, LF power, CCV-LE, HF power, CCV-HE,
and total power were all tested with two-way ANO-
VA with session (CPT, PASAT, and control) and time
(baseline 1, HS1, baseline 2, and HS2) as repeated-
measurement factors. When appropriate, Tukey
Honestly Significant Difference (Tukey HSD) test
with corrections for multiple comparisons was used
for post-hoc analyses. Possible correlations between
pain reduction and percentages of correct answers
at PASAT; pain reduction and blood pressure levels;
pain reduction from PASAT and from CPT; and pain
reduction and baroreceptor sensitivity were tested
with Spearman rank correlation test. Data are pre-
sented as mean = standard deviation (SD). Values of
P < .05 were considered statistically significant.

Results
Pain Parameters

There was no main effect of session (CPT, PASAT,
and control) in any of the primary or secondary
pain parameters.

Primary Outcome Parameter. The mean HS-evoked
peak pain score demonstrated a main effect of
infusion (HS1 and HS2), significant session X in-
fusion interaction, and significant within-session
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Table 1 Results According to Pain and Unpleasantness (Peak and Average) Parameters (Summary of All Effects, ANOVA,;

Session X Time Interaction, Tukey HSD)

Session X infusion  Between-session Within-session differences

Parameters Session Infusion interaction differences CPT PASAT CTRL

Primary

Peak pain - P < .001 P < .001 CPT < CTRL and HS1>HS2  HS1 > HS2 -
PASAT < CTRL

Secondary

Average pain - P < .050 P <.050 CPT < CTRL and HS1>HS2  HS1 > HS2 -
PASAT < CTRL

Peak - P < .050 P < .001 CPT <CTRL and HS1>HS2  HS1>HS2

unpleasantness PASAT < CTRL

Average - P < .050 P < .050 - HS1>HS2  HS1 > HS2 -

unpleasantness

Session X infusion interaction column is considered to reflect most important results. — indicates no significant difference; n = 14; values of P < .05
were considered statistically significant; CTRL = control.

Pain Unpleasantness
10+ 10+
9+ 94
8 # # 8 # 4
o 71 ) : 7 : .
T 61 61
© 54 54
2 4 4
b
31 34
21 2+
14 14
0 0
HS HS HS HS HS HS HS HS HS HS HS HS
a + CPT + PASAT + CTRL b + CPT + PASAT + CTRL
Extraoral Intraoral
200+ 200+
= 1501 150+
I
£
& 1001 1004
@
c
& 50 50-
0 0 L
HS HS HS HS HS HS HS HS HS HS HS HS
+ CPT + PASAT + CTRL d + CPT + PASAT + CTRL
C

Fig 2 Pain, unpleasantness, and pain area drawing scores (means = SD): (a) peak pain scores (0-10 NRS), (b) peak un-
pleasantness scores (0—10 NRS), (¢) extraoral pain area drawing, (d) intraoral pain area drawing. *P < .05 different from
control; *P < .05 different from infusion 1; n = 14.

differences (Table 1, Fig 2a). The peak pain score Secondary Outcome Parameters. The mean HS-
was reduced by 35.9 = 26.6% in the CPT session evoked average pain score demonstrated a main
and by 30.8 + 27.6% in the PASAT session com- effect of infusion, significant session X infusion in-
pared with a relative increase in pain at the control teraction, and significant within-session differences
session of 9.0 = 30.5% (Table 1, Fig 2a). (Table 1). The mean HS-evoked peak and average
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Fig 3 [Illustrations of the
subject-based  drawings of
the spatial extent of the HS-
evoked masseter muscle peak
pain from the two infusions in
the three sessions. (a) extraoral
perspective, (b) intraoral per-
spective; n = 14.

Extraoral

Intraoral

HS + PASAT

—

gty
%
¥ .\
.'I"I
- call}
I

unpleasantness scores revealed main effects of infu-
sion, significant session X infusion interactions, and
significant within-session differences (Table 1 and
Fig 2b).

The mean HS-evoked peak pain drawing area
from both an extraoral and an intraoral perspective
demonstrated a main effect of time (baseline 1, HS1,
baseline 2, and HS2) (ANOVA: P < .001). A post-hoc
test revealed that both the mean extra- and intraoral
drawing areas from both infusions were significantly
increased from both baseline areas (Tukey: P < .021).
There were no differences between the mean baseline
areas (Tukey: P = .999) and no differences between

the mean HS1 and HS2 areas (Tukey: P < .694). No
within-session differences were revealed between the
HS1 and HS2 (Figs 2¢, and 2d, Fig 3).

The mean POP score demonstrated no main
effect of side (experimental side and control side)
(ANOVA: P = .283). However, a main effect of time
was revealed (ANOVA: P < .001). The post-hoc test
demonstrated that the mean POP score at HS2 was
significantly higher than the mean POP scores at
both baselines (Tukey: P < .034). The mean POP
score at HS1 was significantly higher than at base-
line 1 (Tukey: P = .008), but it was not different
from baseline 2 (Tukey: P = .910). There were no
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Table 2 Results According to HRV and Hemodynamic Parameters (Summary of All Effects, ANOVA; Session X Time

Interaction, Tukey HSD)

Session X time Between-session Within-session differences

Parameters Session Time interaction differences CPT PASAT CTRL

Primary

Mean RR (ms) - P < .001 P < .001 CPT <CTRLand HS1>HS2 HS1>HS2 -
PASAT < CTRL

RMSSD (ms) - P < .050 P < .001 CPT < CTRLand HS1 > HS2 - -
PASAT < CTRL

SDNN (ms) - - - - - - -

Secondary

LF power (ms?/Hz) - - - - - - -
CCV-LF (%) - - - - - - -

HF power (ms?/Hz) - P < .050 P < .050 - HS1 > HS2 - -
CCV-HF (%) - - P < .050 - HS1 > HS2 - -
Total power (ms?/Hz) - - P < .050 - - - -
sBP (mmHg) - P < .001 - _ _ B B
dBP (mmHg) - P < .001 - - HS1 < HS2 - -
SV (mL) - P < .050 P < .001 PASAT > CTRL HS1 < HS2 - -
CO (L/min) - P < .001 P < .001 CPT >CTRLand HS1<HS2 HS1<HS2 -
PASAT > CTRL
TPR (dyne*s/cm®) - P < .001 P < .050 PASAT < CTRL - HS1 > HS2 -
RESP (tpm) - P < .001 P < .050 - - - -
BRS (ms/mmHg) - P < .050 - - - - -

sBP = systolic blood pressure; dBP = diastolic blood pressure; SV = stroke volume; CO = cardiac output; TPR = total peripheral resistance; tom =
turns per minute; BRS = baroreceptor sensitivity. Session X Time Interaction column is considered to reflect most important results. — indicates no
significant difference; values of P < .05 were considered statistically significant; n = 14.

| —
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— L] . #
£ 800 : . 7 1% I
et 00 . . £ 80- I
g L]
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% 40 : : [ Hs + PASAT HS + CTRL
L4 °
o °
20' L[] L]
' : :
C

Fig4 HRV measures in the time domain (means = SD). Each group of four bars represent one session. *P < .05 different
from control, *P < .05 within session; n = 14. Lines indicate significant differences.
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differences between the mean POP scores at baseline
1 and 2 (Tukey: P =.052) and between HS1 and HS2
(Tukey: P = .156). A significant side X time interac-
tion was found (ANOVA: P < .001). The post-hoc
test revealed no difference in POP scores at baseline
1 between sides (Tukey: P = .999). POP scores were
significantly increased at the experimental side
compared with the control side at HS1 (Tukey:
P < .001), at baseline 2 (Tukey: P = .037), and at
HS2 (Tukey: P <.001). The mean POP score did not
at any time point reach the pain-detection threshold
“50” on the 0 to 100 NRS.

HRV and Hemodynamic Parameters

A total of 19 incidents of artificial detections were
deleted. In one of those incidents, the missing QRS
complexes, after removal of an extrasystolic beat,
were corrected by interpolation based on the previ-
ous three RR intervals.*1

There was no main effect of session (CPT, PASAT,
and control) in any of the primary or secondary
HRYV and hemodynamic outcome parameters.

Primary Outcome Parameters (HRV Measures in
the Time Domain). In the mean RR interval, a main
effect of time, a significant session X time interac-
tion, and significant within-session differences were
found (Table 2, Fig 4a). No main effect of time was
detected in the mean SDNN, but significant within-
session differences were found (Table 2, Fig 4b).
For the RMSSD, a main effect of time, significant
session X time interaction, and significant within-
session differences were revealed (Table 2, Fig 4c¢).

Secondary Outcome Parameters. HRV Measures
in the Frequency Domain. For the mean LF power
and CCV-LE no main effects of time were detected
(Table 2, Fig 5a). In CCV-LE significant within-
session differences were found (Table 2, Fig 5c).
For the mean HF power, a main effect of time, sig-
nificant session X time interaction, and significant
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effect of time was detected, but both significant ses-
sion X time interaction and significant within-ses-
sion differences were revealed (Table 2, Fig Se).
Hemodynamic Parameters. For both the mean
continuous systolic and diastolic blood pressures,

within-session differences were found (Table 2, Fig
5b). No main effect of time was revealed in CCV-
HE, but significant session X time interaction and
significant within-session differences were found
(Table 2, Fig 5d). In the mean total power, no main
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main effects of time were revealed and significant
within-session differences were found (Table 2,
Figs 6a and 6b). In the mean stroke volume, mean
cardiac output, mean total peripheral resistance,
and RESP, main effects of time, significant session
X time interactions, and significant within-session
differences were found (Table 2, Figs 6¢ to 6f). For
the mean baroreceptor sensitivity, a main effect of
time and significant within-session differences were
found (Table 2, Fig 6g).

Correlation Analyses

The mean percentages of correct answers at PASAT
were 75.0 = 14.8%. No correlation was found be-
tween PASAT scores and pain reduction (p = 0.026,
P =.929).

Pain reduction from PASAT was inversely cor-
related to both systolic and diastolic (p = -0.640,
P =.014; p = -0.776, P = .001) blood pressure lev-
els. No correlation was found between pain reduc-
tion from CPT and these levels (p = 0.145, P = .620;
p=-0.065, P =.826). The pain increase in the control
session was significantly correlated to the rise in both
levels (p = 0.641, P =.013; p = 0.596, P = .024).

No correlation was found between pain level
changes from PASAT and CPT (p = 0.277, P = .337),
or between pain level changes from PASAT and
control (p = 0.135, P = .646), or between pain level
changes from CPT and control (p = 0.106, P = .719).

Pain reduction from PASAT was correlated to ba-
roreceptor sensitivity (p = 0.600, P = .023), whereas
no correlation was found from baroreceptor sen-
sitivity and pain reduction from CPT (p = -0.232,
P = .424), or the pain increase in the control session
(p=0.136, P = .644).

Discussion

The primary findings of this randomized and con-
trolled study were the significant and equivalent
reduction of the experimental HS-evoked masseter
muscle pain in healthy women from two different
acute stressors, the PASAT and CPT. These findings
were associated with significant and differential ef-
fects on autonomic system functions that possibly
reflect involvement of different endogenous pain-
modulatory systems.

Human Experimental Pain Model
The method of HS infusion into the masseter muscle

of healthy subjects is a reliable and valid experimen-
tal pain model.’>*3%2 HS evokes nociceptor discharge

Bendixen et al

and causes localized and referred muscle pain.’s%”
This experimental pain can to some extent mimic
clinical muscle pain.?**3 In the present study, the first
infusion (HS1) in all three sessions was carried out
as an internal control of the interindividual variation
between sessions.** The HS-evoked pain was relia-
ble, since there were no significant differences in VAS
pain and unpleasantness scores between the internal
control infusions (HS1 in the CPT, the PASAT, and
the control sessions) and the control session (HS2+
CTRL). Therefore, the significant changes in HS-
evoked pain during CPT and PASAT can be consid-
ered robust findings, strongly indicating activation
of endogenous pain—-modulatory systems.

One important observation from this study is the
ability of the HS-evoked pain in the masseter muscle
to induce a significant autonomic activation with in-
creases in heart rate (primary outcome parameter),
systolic and diastolic blood pressure, total periph-
eral resistance, and respiratory changes (secondary
outcome parameters). This finding suggests that HS-
evoked pain mimics real threat and that the normal
physiological response to this stressor is a fight or
flight reaction. Therefore, this experimental muscle
pain model may indeed be valuable when studying
the relationship between the autonomic nervous
system and endogenous pain-modulatory pathways.

Pain Modulation

Pain reduction induced by CPT and PASAT were
not correlated, suggesting involvement of differ-
ent endogenous pain-modulatory systems. Indeed,
HS-evoked jaw muscle pain applied together with
a painful conditioning stimulus, ie, cold water, was
expected to be decreased due to conditioned pain
modulation, also known as diffuse noxious inhibi-
tory control (DNIC). DNIC is a neurophysiological
phenomenon examined in animal models in which
nociceptive stimuli inhibit responses to another,
but heterosegmental, nociceptive stimulus,***¢ and
conditioned pain modulation is the human counter-
part where a painful conditioning stimulus inhib-
its pain evoked by painful stimuli applied to other
body sites.??557%8 It was hypothesized that the de-
crease in HS-evoked jaw muscle pain during the
mental stressor might be due to pain-modulatory
mechanisms other than DNIC and conditioned pain
modulation. Several studies have demonstrated that
alterations in the psychological state can influence
perceived pain in humans.?**® The arterial baro-
receptors involved in the homeostatic control of
blood pressure can be suppressed by psychological
stress, and studies have demonstrated that reduced
baroreflex sensitivity correlates with hypoalgesia.®

Journal of Orofacial Pain 201

© 2012 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Bendixen et al

It should be noted that when the women illustrat-
ed on anatomical drawings the extent of their HS-
evoked jaw muscle pain, neither CPT nor PASAT
altered the extent of the areas compared with the
control session. This measure of HS-evoked jaw
muscle pain seems to be less sensitive to experimental
manipulations than perceived intensity or unpleas-
antness. A slight mechanical sensitization was seen
in the experimental masseter muscle after HS infu-
sions compared with the control side. Despite this
minor increased sensitivity, the mean POP values
(secondary outcome parameter) never reached the
pain-detection threshold, and no differences were
detected from CPT and PASAT modulation. The
lack of significant effects of CPT and PASAT on me-
chanical sensitization is probably due to a floor ef-
fect, ie, the magnitude of sensitization was too low
to be influenced by the experimental conditions.

HRV

HRV wasincluded as the primary outcome parameter
for autonomic system function and is, indeed, re-
garded as a biomarker of how effectively an or-
ganism responds to stress as it reflects autonomic
modulation.?#*! A reduced HRV is considered a
serious health risk and to have prognostic value
in health and disease.*>®> The literature describes
findings of reduced HRV in patients suffering from
chronic pain in fibromyalgia,*"-*> complex regional
pain syndrome,* and TMD.3°

In the present study, there was an increase in
heart rate and a decrease in RMSSD (a vagal meas-
ure) during CPT compared with the internal control
(first infusion), but also compared with the control
session. All vagal measures (RMSSD, HF power,
CCV-HF) were reduced, while the combined sym-
pathetic and parasympathetic measures (LF power
and CCV-LF) were unchanged. Therefore, the in-
creased heart rate and reduced HRV during CPT
was probably due to reduced parasympathetic ac-
tivity. However, since this conclusion is partly based
on secondary outcome parameters, this has to be
interpreted with caution. The simultaneous appli-
cation of two different painful stimuli (HS-evoked
jaw muscle pain and CPT) may have resulted in an
increased stress-state compared with only one pain
stressor and thereby caused a potentially undesir-
able autonomic profile, ie, impaired HRV and vagal
withdrawal. However, when it comes to the mental
stressor, PASAT during HS-evoked jaw muscle pain,
the increase in heart rate was not accompanied by
a similar change in RMSSD when compared with
the internal control (first infusion). In this case, the
heart-rate increase probably cannot be explained
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by changes in sympathetic or parasympathetic ac-
tivity to the heart, but instead it may be explained
by sympathoadrenal release of catecholamines from
adrenal medulla.?” One finding that implies that the
results should be interpreted with caution is the sig-
nificant difference seen in RMSSD during PASAT
compared with the control session; however, since
there were no differences between the internal con-
trols (HS1) and the control session (HS2-CTRL) in
terms of RMSSD levels, the assumption of different
modes of action from the two different acute stress-
ors (CPT and PASAT) is supported.

Cardiovascular Response

One additional finding from this study that sup-
ports the hypothesis of activation of different en-
dogenous pain-modulatory mechanisms due to CPT
and PASAT was the inverse correlation between
pain reduction from PASAT and the rise in blood
pressure, whereas no correlations were present be-
tween pain reduction from CPT and blood pres-
sure. The link between the rise in blood pressure
and pain reduction from mental stress (PASAT), ie,
a hypertension-related hypoalgesia, could be due to
baroreceptor activation. Several studies suggest that
the baroreceptors may mediate hypertension-related
hypoalgesia.'>**¢* The mechanism is not entirely
known, but central neural regions involved in pain
perception overlap significantly with cardiovascular
regulatory areas.'®®° The present data support the
theory of baroreceptor involvement, since there was
a positive correlation between baroreceptor sensi-
tivity and pain reduction of HS-evoked jaw muscle
pain during PASAT. The decrease in total peripheral
resistance and the increase in stroke volume during
PASAT would result in an increased blood flow to
striated muscle tissue. This would change the arte-
rial circulation and may thereby have affected the
baroreceptors. Again these viewpoints are based
on secondary outcome parameters and should be
interpreted with caution, but the findings warrant
further investigations.

There was no correlation in baroreceptor sensi-
tivity and pain reduction of HS-evoked jaw mus-
cle pain during CPT. This finding also supports the
hypothesis that the endogenous pain-modulatory
mechanisms of CPT and PASAT are different. Dur-
ing CPT and HS-evoked jaw muscle pain, an au-
tonomic response similar to what has been seen in
patients suffering from chronic pain was demon-
strated. Several studies suggest that no baroreflex-
mediated hypoalgesia exists in patients with chronic
pain.15,16,65,66



Study Limitations

Obviously, caution should be taken when inter-
preting the results of the present study. Weaknesses
include the relatively small sample size and the high
number of statistical tests. However, the study had
the advantage of using within-subject comparisons
due to the paired study design,

Myofascial TMD are more prevalent in women
than in men.*” To eliminate the risk of potential sex
differences in pain sensitivity®® which may be caused
by differences in the endogenous pain-inhibitory
mechanisms,*”*%¢%70 and the possible sex differences
in the autonomic response to stress-inducing fac-
tors,””? only women were included in this study.
Further studies will be needed to test for sex-related
differences in PASAT- or CPT-induced effects in the
present model.

The levels of circulating stress hormones were not
assessed in the present study. These levels would have
been valuable additional information in the differen-
tiation of the pain-relieving mechanisms of CPT and
PASAT. Another consideration is the difference be-
tween acute experimental pain in healthy subjects and
chronic pain in patients®***%% in terms of duration of
pain, the psychological impact, disability, etc. It must
also be considered to what extent the pain evoked by
HS infusion into the masseter muscle mimics myo-
fascial TMD, although some studies have suggested
that the intensity, quality, and localization are suffi-
ciently similar.’*”® The outcome in this study is based
on HS-evoked jaw muscle pain in healthy women,
but women suffering from chronic myofascial TMD
may respond differently to the application of stressors
such as PASAT since the endogenous pain modulation
appears to be altered in chronic pain patients.'>*

When interpreting the results of this study, the
effect of cognitive distraction from both CPT and
PASAT cannot be ignored, but itis not possible to sep-
arate the contribution of cognitive distraction from
the results obtained. However, in the experimental
set-up, efforts were made to make the two experi-
mental conditions comparable; ie, during PASAT,
subjects also placed their foot into neutral water, and
during CPT, subjects repeated the same numbers as
in the PASAT. Cognitive distraction is an effective
method to reduce pain and in this study it is likely
that the extent of distraction from both CPT and
PASAT affected the results to a similar extent.

Conclusions

Application of CPT or PASAT reduced HS-evoked
jaw muscle pain in this group of healthy women and
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altered the associated autonomic responses. How-
ever, the increase in heart rate following CPT and
PASAT may have been caused by different mecha-
nisms. It is suggested that CPT reduced the efferent
cardiac vagal (parasympathetic) activity, whereas
PASAT may have involved neurohumoral activa-
tion. Further studies are needed to examine similar
endogenous pain-modulatory mechanisms in myo-
fascial TMD pain patients.

Acknowledgments

The authors would like to thank John Hansen, Aalborg Univer-
sity, for allowing us to use his software for correction of ECG re-
cordings. Special thanks to clinical assistant Bente Haugsted for
her skillful help and to nurse Bente Christensen, who performed
the ECG-12 recordings. This work was supported by grants from
the Danish Dental Association and Aarhus University Research
Foundation.

References

1. Janig W. Systemic and specific autonomic reactions in pain:
Efferent, afferent and endocrine components. Eur ] Anaes-
thesiol 1985;2:319-346.

2. Pacak K, Baffi JS, Kvetnansky R, Goldstein DS, Palkovits
M. Stressor-specific activation of catecholaminergic sys-
tems: Implications for stress-related hypothalamic-pituitary-
adrenocortical responses. Adv Pharmacol 1998;42:561-564.

3. Light KC, Bragdon EE, Grewen KM, Brownley KA, Girdler
SS, Maixner W. Adrenergic dysregulation and pain with and
without acute beta-blockade in women with fibromyalgia
and temporomandibular disorder. ] Pain 2009;10:542-552.

4. Terkelsen AJ, Molgaard H, Hansen ], Finnerup NB, Kro-
ner K, Jensen TS. Heart rate variability in complex region-
al pain syndrome during rest and mental and orthostatic
stress. Anesthesiology 2012;116:133-146.

5. Suvinen TI, Reade PC, Kemppainen P, Kononen M, Dwor-
kin SF. Review of aetiological concepts of temporoman-
dibular pain disorders: Towards a biopsychosocial model
for integration of physical disorder factors with psycho-
logical and psychosocial illness impact factors. Eur J Pain
2005;9:613-633.

6. Cairns BE. Pathophysiology of TMD pain—Basic mecha-
nisms and their implications for pharmacotherapy. J Oral
Rehabil 2010;37:391-410.

7. Evaskus DS, Laskin DM. A biochemical measure of stress
in patients with myofascial pain-dysfunction syndrome. J
Dent Res 1972;51:1464-1466.

8. Roberts W]. A hypothesis on the physiological basis for
causalgia and related pains. Pain 1986;24:297-311.

9. Bruehl S. An update on the pathophysiology of complex re-
gional pain syndrome. Anesthesiology 2010;113:713-725.

10. Campbell JN, Rajaa SN, Meyer RA. Pain and the sympa-
thetic nervous system: Connecting the loop. In: Vecchiet
L, Albe-Fessard D, Lindblom U, Giamberardino MA (eds).
New Trends in Referred Pain and Hyperalgesia. Amster-
dam: Elsevier, 1993:99-107.

11. Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Hu-
man brain mechanisms of pain perception and regulation in
health and disease. Eur J Pain 2005;9:463-484.

Journal of Orofacial Pain 203

© 2012 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Bendixen et al

12.

13.

14.

1S5.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bruehl S, McCubbin JA, Harden RN. Theoretical review:
Altered pain regulatory systems in chronic pain. Neurosci
Biobehav Rev 1999;23:877-890.

Bruehl S, Chung OY. Interactions between the cardiovas-
cular and pain regulatory systems: An updated review of
mechanisms and possible alterations in chronic pain. Neu-
rosci Biobehav Rev 2004;28:395-414.

Fillingim RB, Maixner W. The influence of resting blood
pressure and gender on pain responses. Psychosom Med
1996;58:326-332.

Maixner W, Fillingim R, Kincaid S, Sigurdsson A, Harris
MB. Relationship between pain sensitivity and resting arte-
rial blood pressure in patients with painful temporoman-
dibular disorders. Psychosom Med 1997;59:503-511.
Bruehl S, Chung OY, Ward P, Johnson B, McCubbin JA.
The relationship between resting blood pressure and acute
pain sensitivity in healthy normotensives and chronic
back pain sufferers: The effects of opioid blockade. Pain
2002;100:191-201.

Hagen K, Zwart JA, Holmen ], et al. Does hyperten-
sion protect against chronic musculoskeletal complaints?
The Nord-Trondelag Health Study. Arch Intern Med
2005;165:916-922.

Zamir N, Maixner W. The relationship between cardio-
vascular and pain regulatory systems. Ann N'Y Acad Sci
1986;467:371-384.

Watkins LR, Mayer DJ. Organization of endogenous
opiate and nonopiate pain control systems. Science
1982;216:1185-1192.

Ford GK, Finn DP. Clinical correlates of stress-induced
analgesia: Evidence from pharmacological studies. Pain
2008;140:3-7.

Baad-Hansen L, Poulsen HEF, Jensen HM, Svensson P. Lack
of sex differences in modulation of experimental intraoral
pain by diffuse noxious inhibitory controls (DNIC). Pain
2005;116:359-365.

Yarnitsky D. Conditioned pain modulation (the diffuse
noxious inhibitory control-like effect): Its relevance for
acute and chronic pain states. Curr Opin Anaesthesiol
2010;23:611-615.

Zubieta JK, Stohler CS. Neurobiological mechanisms of
placebo responses. Ann N'Y Acad Sci 2009;1156:198-210.
Villemure C, Bushnell MC. Cognitive modulation of pain:
How do attention and emotion influence pain processing?
Pain 2002;95:195-199.

Moont R, Pud D, Sprecher E, Sharvit G, Yarnitsky D. “Pain
inhibits pain” mechanisms: Is pain modulation simply due
to distraction? Pain 2010;150:113-120.

Gronwall D, Wrightson P. Delayed recovery of intellectual
function after minor head injury. Lancet 1974;2:605-609.
Terkelsen AJ, Andersen OK, Molgaard H, Hansen J, Jensen
TS. Mental stress inhibits pain perception and heart rate
variability but not a nociceptive withdrawal reflex. Acta
Physiol Scand 2004;180:405-414.

Tousignant-Laflamme Y, Page S, Goffaux P, Marchand S. An
experimental model to measure excitatory and inhibitory
pain mechanisms in humans. Brain Res 2008;1230:73-79.
Pomeranz B, Macaulay RJ, Caudill MA, et al. Assessment of
autonomic function in humans by heart rate spectral analy-
sis. Am J Physiol 1985;248:H151-153.

Eze-Nliam CM, Quartana PJ, Quain AM, Smith MT. Noc-
turnal heart rate variability is lower in temporomandibular
disorder patients than in healthy, pain-free individuals. J
Orofac Pain 2011;25:232-239.

204 Volume 26, Number 3, 2012

© 2012 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Maixner W, Greenspan JD, Dubner R, et al. Potential auto-
nomic risk factors for chronic TMD: Descriptive data and
empirically identified domains from the OPPERA case-con-
trol study. J Pain 2011;12:T75-91.

Dworkin SE LeResche L. Research diagnostic criteria for
temporomandibular disorders: Review, criteria, examina-
tions and specifications, critique. J Craniomandib Disord
1992;6:301-355.

Cairns BE, Svensson P, Wang K, et al. Ketamine attenuates
glutamate-induced mechanical sensitization of the masseter
muscle in human males. Exp Brain Res 2006;169:467-472.
Bendixen KH, Baad-Hansen L, Cairns BE, Svensson P. Ef-
fects of low-dose intramuscular ketorolac on experimental
pain in the masseter muscle of healthy women. J Orofac
Pain 2010;24:398-407.

Svensson P. Effects of Human Jaw-Muscle Pain on Soma-
tosensory and Motor Function: Experimental Studies and
Clinical Implications [thesis]. Aarhus: Aarhus University,
2000.

Svensson P, Graven-Nielsen T. Craniofacial muscle pain:
Review of mechanisms and clinical manifestations. ] Orofac
Pain 2001;15:117-145.

Cairns BE. Physiological properties of thin-fiber muscle
afferents: Excitation and modulatory effects. In: Graven-
Nielsen T, Arendt-Nielsen L, Mense S (eds). Fundamentals
of Musculoskeletal Pain. Seattle: IASP, 2008:19-31.
Graven-Nielsen T, Arendt-Nielsen L, Svensson P, Jensen TS.
Experimental muscle pain: A quantitative study of local and
referred pain in humans following injection of hypertonic
saline. ] Musculoskelet Pain 1997;5:49-69.
Graven-Nielsen T, Arendt-Nielsen L, Svensson P, Jensen TS.
Quantification of local and referred muscle pain in humans
after sequential im injections of hypertonic saline. Pain
1997;69:111-117.

Svensson P, Graven-Nielsen T, Arendt-Nielsen L. Mechani-
cal hyperesthesia of human facial skin induced by tonic
painful stimulation of jaw muscles. Pain 1998;74:93-100.
Thygesen TH, Norholt SE, Jensen J, Svensson P. Spatial and
temporal assessment of orofacial somatosensory sensitivity:
A methodological study. J Orofac Pain 2007;21:19-28.
Futarmal S, Kothari M, Ayesh E, Baad-Hansen L, Svensson
P. New palpometer with implications for assessment of deep
pain sensitivity. ] Dent Res 2011;90:918-922.

Fortin J, Habenbacher W, Heller A, et al. Non-invasive beat-
to-beat cardiac output monitoring by an improved method
of transthoracic bioimpedance measurement. Comput Biol
Med 2006;36:1185-1203.

Kubicek WG, Kottke J, Ramos MU, et al. The Minnesota
impedance cardiograph—Theory and applications. Biomed
Eng 1974;9:410-416.

Parati G, Di Rienzo M, Mancia G. How to measure barore-
flex sensitivity: From the cardiovascular laboratory to daily
life. ] Hypertens 2000;18:7-19.

Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysi-
ology. Heart rate variability: Standards of measurement,
physiological interpretation and clinical use. Circulation
1996;93:1043-1065.

Marangoni F, Corazza 1, Tozzi MC, Frisoni J, Bacchi ML,
Zannoli R. Clinical monitoring of the tilt-test: Task force
monitor (TFM) and heart rate variability (HRV). Comput
Cardiol 2008;35:961-964.

Pan J, Tompkins WJ. A real-time QRS detection algorithm.
IEEE Trans Biomed Eng 1985;32:230-236.



49.

50.

S1.

52.

53.

54.

55.

Sé.

57.

58.

59.

60.

61.

62.

Akselrod S, Gordon D, Ubel FA, Shannon DC, Berger AC,
Cohen R]. Power spectrum analysis of heart rate fluctua-
tion: A quantitative probe of beat-to-beat cardiovascular
control. Science 1981;213:220-222.

Carvalho JLA, Rocha AF, Dos Santos I, Itiki C, Junquei-
ra LF Jr, Nascimento FAO. Study on the optimal order
for the auto-regressive time-frequency analysis of heart
rate variability. Annu Int Conf IEEE Eng Med Biol Proc
2003;3:2621-2624.

Terkelsen AJ, Molgaard H, Hansen ], Andersen OK,
Jensen TS. Acute pain increases heart rate: Differential
mechanisms during rest and mental stress. Auton Neurosci
2005;121:101-109.

Lobbezoo F, van Selms MK, Naeije M. Masticatory muscle
pain and disordered jaw motor behaviour: Literature review
over the past decade. Arch Oral Biol 2006;51:713-720.
Svensson P. What can human experimental pain models teach
us about clinical TMD? Arch Oral Biol 2007;52:391-394.
Le Bars D, Dickenson AH, Besson JM. Diffuse noxious in-
hibitory controls (DNIC). I. Effects on dorsal horn conver-
gent neurones in the rat. Pain 1979;6:283-304.

Le Bars D, Dickenson AH, Besson JM. Diffuse noxious
inhibitory controls (DNIC). II. Lack of effect on non-con-
vergent neurones, supraspinal involvement and theoretical
implications. Pain 1979;6:305-327.

Hu JW. Response properties of nociceptive and non-noci-
ceptive neurons in the rat’s trigeminal subnucleus cauda-
lis (medullary dorsal horn) related to cutaneous and deep
craniofacial afferent stimulation and modulation by diffuse
noxious inhibitory controls. Pain 1990;41:331-345.
Arendt-Nielsen L, Sluka KA, Nie HL. Experimental muscle
pain impairs descending inhibition. Pain 2008;140:465-471.
Popescu A, LeResche L, Truelove EL, Drangsholt MT. Gen-
der differences in pain modulation by diffuse noxious inhibi-
tory controls: A systematic review. Pain 2010;150:309-318.
Villemure C, Bushnell MC. Mood influences supraspi-
nal pain processing separately from attention. ] Neurosci
2009;29:705-715.

Guasti L, Zanotta D, Mainardi LT, et al. Hypertension-
related hypoalgesia, autonomic function and spontaneous
baroreflex sensitivity. Auton Neurosci 2002;99:127-133.
Staud R. Heart rate variability as a biomarker of fibromyal-
gia syndrome. Fut Rheumatol 2008;3:475-483.

Kleiger RE, Miller JP, Bigger JT Jr, Moss AJ. Decreased
heart rate variability and its association with increased
mortality after acute myocardial infarction. Am J Cardiol
1987;59:256-262.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Bendixen et al

Cohen H, Neumann L, Shore M, Amir M, Cassuto Y, Buski-
la D. Autonomic dysfunction in patients with fibromyalgia:
Application of power spectral analysis of heart rate vari-
ability. Semin Arthritis Rheum 2000;29:217-227.

Randich A, Maixner W. Interactions between cardiovascu-
lar and pain regulatory systems. Neurosci Biobehav Rev
1984;8:343-367.

Bragdon EE, Light KC, Costello NL, et al. Group differenc-
es in pain modulation: Pain-free women compared to pain-
free men and to women with TMD. Pain 2002;96:227-237.
Chung OY, Bruehl S, Diedrich L, Diedrich A, Chont M,
Robertson D. Baroreflex sensitivity associated hypoalge-
sia in healthy states is altered by chronic pain. Pain 2008;
138:87-97.

LeResche L. Epidemiology of temporomandibular disor-
ders: Implications for the investigation of etiologic factors.
Crit Rev Oral Biol Med 1997;8:291-305.

Unruh AM. Gender variations in clinical pain experience.
Pain 1996;65:123-167.

Granot M, Weissman-Fogel I, Crispel Y, et al. Determinants
of endogenous analgesia magnitude in a diffuse noxious in-
hibitory control (DNIC) paradigm: Do conditioning stimu-
lus painfulness, gender and personality variables matter?
Pain 2008;136:142-149.

Quiton RL, Greenspan JD. Sex differences in endogenous
pain modulation by distracting and painful conditioning
stimulation. Pain 2007;132(suppl 1):5S134-149.
Tousignant-Laflamme Y, Rainville P, Marchand S. Estab-
lishing a link between heart rate and pain in healthy sub-
jects: A gender effect. ] Pain 2005;6:341-347.
Tousignant-Laflamme Y, Marchand S. Sex differences in
cardiac and autonomic response to clinical and experimen-
tal pain in LBP patients. Eur J Pain 2006;10:603-614.
Stohler CS, Lund JP. Psychophysical and orofacial motor
response to muscle pain—Validation and utility of an ex-
perimental model. In: Morimoto T, Matsuya T, Takada K
(eds). Brain and Oral Functions, Oral Motor Function and
Dysfunction. Selected papers from the Osaka Internation-
al Oral Physiology Symposium on Brain and Oral Func-
tion, Osaka, 3-5 September 1994. Amsterdam: Elsevier,
1995:227-237.

King CD, Wong F, Currie T, Mauderli AP, Fillingim RB,
Riley JL III. Deficiency in endogenous modulation of pro-
longed heat pain in patients with irritable bowel syndrome
and temporomandibular disorder. Pain 2009;143:172-178.

Journal of Orofacial Pain 205

© 2012 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.





