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Repetitive pain experiences modulate feedforward control of hemodynamics and

modification by nitrous oxide in humans
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Highlight

® Repetitive pain stimuli elicit a feedforward HR increase, a risk factor of cardiovascular
events.

® Nitrous oxide/oxygen inhalation decreased pain sensation and peripheral vascular
stiffness.

® Nitrous oxide/oxygen inhalation did not decrease HR after repetitive pain experiences.

® [t attenuated the pressor response via vasodilation only when HR increase does not exist.

® Even when nitrous oxide sedation is applied in dentistry, to mitigate pain stress must be

needed.
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Abstract

Background: Repetitive experiences of certain stresses evoke feedforward cardiovascular
responses via central command (CC)--central signals from the higher brain. However, it is
unclear whether the anticipatory cardiovascular responses before pain stimulation occur after
repetitive pain experiences and how nitrous oxide/oxygen inhalation (N20), a sedative widely
used in dentistry, affects the responses. We tested the hypothesis that the repetitive cold pressor
test (CPT) alters the anticipatory cardiovascular responses, which are attenuated by N2O.
Materials and Methods: Beat-to-beat systolic (SBP) and diastolic blood pressure (DBP), heart
rate (HR), and finger arterial stiffness (f-stiffness) were measured during the 5-min rest, 30-s
countdown (CD) before CPT, 2-min CPT, and 3-min recovery (CPT[is) in 15 young adults [age,
28+4 years]. The same protocols were repeated randomly with the second CPT (CPT+CC) or
placebo test (PLCB+CC).

Results: SBP and DBP increased from baseline in CPT[isq and CPT+CC under room air (RA)
and 40% N>O, while SBP was lower under N>O than under RA in CPT[is). HR in CPT15y was
lower under N>O than under RA. The change (A) in HR was smaller during CPT|1s) than during
CPT+CC under N2O, and a similar trend was observed under RA. ASBP by CD was lower
under N>O than under RA in CPT[is but not in CPT+CC. HR increased with CD in CPT+CC
but not in CPT1sy under both RA and N2O. f-stiftness increased by CD regardless of the pain
experience, while it was lower under N>O.

Conclusion: Repetitive pain experiences induce a feedforward HR increase. 40% N2O
decreases vascular stiffness, which may attenuate the anticipatory pressor response only when

the feedforward HR increase does not exist.

Key words: arterial stiffness, central command, feedforward, heart rate, nitrous oxide, pain
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1. Introduction

Stress-induced pressor responses are the physiological processes that protect body tissue from
damage, namely, the fight-or-flight response. It is also known that the responses will be elicited
simply by exposure to the environment after repeated experiences of such stress[1]. For
example, heart rate (HR) and blood pressure (BP) increase without peripheral sensory
stimulation before exercise in athletes when placed under certain competitive conditions,
reducing the oxygen debt incurred due to the latency of the typical responses after the onset of
exercise, allowing for efficient oxygen delivery during exercise and immediate repayment of
oxygen debt after exercise[2, 3]. Such feedforward cardiovascular regulations are mediated by
central command (CC) that consists of neural impulses from the motor cortex that irradiate to
autonomic neurons in the brain stem, leading to parasympathetic withdrawal and sympathetic
activation. CC are effective in life-threatening environments but are undesirable when people
are required to stay still against unpleasant stimuli. If this feedforward control system enhances
cardiovascular responses, it is more likely that the risk of cardiovascular events and behavioral
disorders will increase in repeated stressful environments, such as dental treatments involving
pain. However, it remains unknown whether repetitive pain experiences elicit feedforward
cardiovascular responses and the underlying mechanism(s).

Nitrous oxide/oxygen (N20O) inhalation is a sedation technique widely used in the dental
field for the disabled and medically compromised patients to reduce anxiety and pain
sensation[4]. Recently, we applied a cold pressor test (CPT) to elicit a pressor response[S] in
young adults and reported that the pressor response to CPT was attenuated with suppressed
sympathetic activity when they inhaled 40% N>O[6]. However, there have been no reports on

whether N>O attenuates the feedforward pressor responses.
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In this study, we hypothesized that repeated exposure to CPT would evoke centrally
mediated feedforward cardiovascular responses and increase the magnitude of the pressor
responses during stimulation. We also tested the hypothesis that 40% N>O would modify the

generation of feedforward cardiovascular responses induced by repeated CPT.

2. Materials and Methods

2.1. Participants

Fifteen healthy young adults participated in this study. They were non-smokers and had no overt
history of cardiovascular, neuromuscular, or other chronic diseases. Patient were excluded if
they were currently under medications and/or had a body mass index >30 kg-m™. The study
performed according to the ethical principles of the Declaration of Helsinki. All participants
were informed of the study protocol and provided written informed consent. Participants’

physical characteristics are shown in Table 1.

2.2. Protocol and measurements
The experiment was performed >48 h after the last caffeinated or alcoholic beverage, >24 h
after strenuous physical activity, and >6 h after a light meal. Fluid intake was ad libitum until 6

h before the experiment. The participant entered an environmentally controlled room with an
ambient temperature of ~28°C and was placed in a supine position. Lead-II electrocardiogram,

sphygmomanometry (model PVM-2703; Nihon Koden, Tokyo, Japan), pulse oximeter with
photoplethysmography (BP-608EV®; Colin, Tokyo, Japan), and finger-plethysmography

(PORTAPRESTM®; FMS, Enschede, Netherlands) were appropriately attached. They were
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kept at rest until systolic (SBP) and diastolic BP (DBP) became stable within a range of S mmHg
for at least three consecutive measurements. Thereafter, they underwent repetitive
cardiovascular response tests under two conditions: inhalation of 40% N2O and room air (RA)
on separate days (Figure 1). The repetitive cardiovascular response test consisted of three

sequential trials: the 1% experience of pain stimulation by CPT in which the participants

immersed their hand in cold water (~4°C) for 2 min (CPTpsg), a 2™ CPT (CPT+ central

command (CC)), and a placebo stimulation with warm water (~35°C) (PLCB+CC). In each trial,

baseline data were recorded for 5 min with the participants resting quietly, a countdown (CD)
30-s before stimulation to determine when CPT/PLCB would be applied, and CPT/PLCB
followed by a 3-min recovery. After recovery, the participants rated their subjective pain levels
using a Visual Analog Scale (VAS). CPT+CC and PLCB+CC were then repeated randomly in
the same manner at 20-min intervals. Beat-to-beat BP waveforms, electrocardiograms, and
percutaneous oxygen saturation were continuously recorded throughout the test. Arm cuff BP

was measured at the 1% and 4™ mins during baseline and 1 and 2" mins during CPT/PLCB.

2.3. Data analysis

Data were stored at a sampling rate of 625 Hz using a data acquisition system (PowereLab®;
ADInstruments, Sydney, Australia). The peak and nadir values of the arterial BP waveform
were used as beat-to-beat SBP and DBP, respectively. HR per beat was calculated from the
product of the reciprocal of the R-R interval and 60. These variables were averaged over 5 min

at baseline and every 30 s for CD, CPT/PLCB, and recovery.
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2.3.1. Peripheral arterial stiffness

Because the sympathetic nervous system regulates vascular tone[7], an index of peripheral
arterial stiffness has been employed for the quantitative evaluation of sympathetic nerve activity.
[-stiffness was calculated using the formula described by Muneyasu et al.[8] from
photoplethysmogram and beat-to-beat BP simultaneously measured on the finger and can be
used as an index of sympathetic nerve activity because its frequency component is synchronized
with HR and correlates with the low-frequency component of SBP as is sympathetic nerve
activity. f-stiffness has also been reported to show significant correlations between brain

activity and subjective pain intensity[9, 10].

2.3.2 Cardiac baroreflex sensitivity
Cardiac baroreflex sensitivity (BRS) was analyzed using the sequence method and power
spectral analysis of the short-term HR and SBP variability by applying an autoregressive

methodology[11].

2.4. Statistical analysis

Values are expressed as means + S.D. All measures passed the normality and equality tests.
VAS and cumulative hemodynamic changes during CPT/PLCB were compared using two-way
repeated measures ANOVA with conditions [RA and NO], trials [CPTpsy, CPT+CC,
PLCB+CC], and interaction (conditionsxtrials) as factors. Absolute hemodynamics and
changes from baseline (A) during CPT/PLCB were examined using two-way repeated measures
ANOVA with time, trials, and interaction (timextrials) as factors within each condition and

those with time, conditions, and interaction (timexconditions) as factors within each trial. BRS
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were compared using two-way repeated measures ANOVA with time, conditions, and
interaction in each trial. If interactions and/or main factors were found to be significant, the
Turkey’s method was used as a post-hoc test for multiple comparisons. A p-value of <0.05 was
considered statistically significant. Power and sample size calculations were based on a study
by Isono et al[6], showing the differences in increases in SBP during CPT between RA and N>O.
For a repeated measure study design, at least 14 subjects need to be studied to reject the null
hypothesis that the conditions of RA and N,O are equal with a power of 0.80 and a Type I error

probability of 0.05.

3. Results

3.1. Subjective pain intensity

Table 2 lists subjective pain levels during CPT/PLCB in CPTisy, CPT+CC, and PLCB+CC
under RA and N>O. It was lower under N>O than under RA both in CPT[1sy (p=0.013) and
CPT+CC (p<0.001), but not in PLCB. No difference was observed between CPT[isg and

CPT+CC either under N>O or RA.

3.2. Hemodynamics

The cardiovascular variables at baseline and CPT/PLCB in each trial under RA and N2O are
shown in Table 3. SBP and DBP significantly increased from baseline in CPTy1sq and CPT+CC
under both conditions (ps<0.001), while they remained unchanged in PLCB+CC. SBP during
CPT/PLCB was lower under N>O than under RA in CPT[isy (p=0.020) but not in CPT+CC.
SpO> was significantly higher under N>O compared to RA during CPT/PLCB, but was similar

during baseline. S-stiffness significantly increased from baseline in CPT[isq and CPT+CC under
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both conditions (ps<0.05), while it was lower during CPT+CC under N>O than under RA. They

remained unchanged in PLCB+CC under both conditions.

3.3. Cardiovascular responses

Figure 2 demonstrates the responses of SBP, DBP, HR, and f-stiffness to stimulation. ASBP
significantly increased from 0—30s in CPT1sq and CPT+CC under both RA and N>O, while a
significant increase in ADBP was observed from 30—-60s. SBP at 60—90s and 90—-120s in
CPTris and CPT+CC tended to be attenuated under N>O compared to RA (p=0.122 and
0.082). AHR significantly increased in CPT+CC under both conditions but not in CP Ty
under either condition. AHR at 60-90s and 90—120s was significantly lower in CPTyjs; than in
CPT+CC under N>O (p=0.044 and 0.033). Ap-stiffness significantly increased from 0—30s in
CPTlisg and CPT+CC under RA and N>O, while the magnitude of the increase was smaller

under N>O than under RA both in CPT[isg and CPT+CC (p=0.045 and 0.009).

3.4. Feedforward cardiovascular changes

Figure 3 shows the changes in cardiovascular variables induced by CD immediately before the
onset of stimulation. SBP significantly increased in all trials under both conditions by CD
except for CPT[isy under NoO. ASBP was smaller under N>O than under RA in CPTjig
(p=0.022), while there were no differences between conditions in either CPT+CC or PLCB+CC.
ADBP by CD did not show any differences between trials or conditions. AHR was increased by
CD in CPT+CC and PLCB+CC, but not in CPT[is, without any differences between RA and
N20 conditions. Af-stiffness demonstrated similar relationships between conditions, being

lower under N>O than under RA, among all trials.
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3.5. Relationship between subjective pain levels and cardiovascular effectors

The cumulative value of AHR, but not Af-stiffness, was correlated with VAS in CPT+CC
(=0.64 and =0.04) (Figure 4). AHR, but not Af-stiffness, by CD in CPT+CC was correlated
with VAS for previous CPT (#=0.30 and <0.01). Under RA, BRS decreased from the baseline
in the 30-s around the onset of CPT/PLCB in CPT+CC (p=0.003), but not in CPT1s, while it

remained unchanged in all trials under N>O (Figure 5).

4. Discussion

The main findings of this study were as follows: 1) an increase in SBP immediately before the
first experience of CPT was observed under RA, which disappeared under N>O, and this
feedforward increase emerged after experiencing CPT under RA was not abolished by N>O; 2)
the pressor response during CPT remained unchanged after experiencing CPT, and the
magnitude of response was attenuated by N>O regardless of the experience; 3) the increase in
HR immediately before and during CPT appeared after experiencing CPT but not before; and
4) p-stiftness increased immediately before and during CPT regardless of the experience, while
it was lower under N2O in both trials. These results suggest that repeated pain stimuli affect the
pressor response during and immediately before CPT via the changes in HR, which is altered

by N2O inhalation via S-stiffness.

4.1. Conditioned responses and feedforward control to pain stimuli
An increase in SBP immediately before the onset of stimulation appeared to be similar before

and after experiencing CPT; however, this anticipatory SBP increase disappeared with N>O only



10

11

12

13

14

15

16

17

18

19

20

21

22

23

11

when CPT was not experienced, indicating that there were two distinct processes of anticipatory
cardiovascular responses depending on the experience of painful stimuli. Fanselow et al.[12]
reported that when a neutral stimulus, an initially fearless environment, was experienced with
subsequent unconditioned stimuli associated with fear/threat, the neutral stimulus changes to a
conditioned stimulus, which induces a new central circuit that produces various physiological
responses. Since CPT in this study was an unconditioned stimulus, CPT with CD in CPT[ig
was considered to cause conditioning CD with fear of pain, which depicted another pattern of
anticipatory response in the subsequent trials. Although anxiety and fear are often confused
because of the similar cardiovascular responses, their neural circuits are shown to be
different[13]. Given that the response to painful stimuli is one of the series of fight-or-flight
responses, the elevated SBP immediately before the first CPT in RA may be a different
mechanism of “anxiety” than “fear.” Indeed, the increase in SBP by CD for CPTjisy was
suppressed by the anxiolytic effect of N>O. Conversely, there was no difference in ASBP during
CD between RA and N>O after experiencing CPT, suggesting that feedforward pressor
responses may occur through another neural circuit induced by the fear of a specific stimulation,
which cannot be attenuated by N>O. Figure 6 illustrates the co-relationship between central
command before and after pain experience, peripheral reflex induced by pain stimulation, and

the effectors involved in the pressor mechanism during CPT.

4.2. Cardiovascular effectors involved in the feedforward mechanisms
In CPT[igg, an “anxious” condition, the pain intensity associated with CPT/PLCB was unknown
to the participant, and finger fS-stiffness increased with anticipatory SBP increase. Finger

vascular tone is known to be innervated by the sympathetic nerve[14], which is activated by
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anxiety or emotional arousal to constrict the finger vessels[15]. Since CD is an arousal stimulus
informing participants of anxiety, activated sympathetic nerves may increase peripheral
vascular resistance, an effector of BP, and finger fS-stiffness. The increase in finger S-stiffness
occurred similarly before and after the experience of pain stimulus and seemed to be involved
in anticipatory SBP increases. As N2O inhalation increases finger blood flow[ 16, 17], decreased
finger S-stiftness under N2O may be attributed to the effect of 40% N2O inhalation. Furthermore,
since this reduction was observed in both inexperienced and experienced trials, the vasodilation
effect should influence peripherally, but not the higher cortex.

After experiencing CPT and learning the stimulus intensity, HR increased immediately
before stimulation, indicating that the feedforward response may involve an HR increase. This
association was also supported by the correlation between VAS and AHR by CD. Furthermore,
as it has been reported that increases in HR are reflected in SBP more than in DBP[18, 19], the
post-experience HR increase appeared in SBP rather than DBP. The present findings of reduced
BRS after experiencing pain may also be a congruent neurophysiological mechanism that
facilitates the increase in HR by CD. Fisher et al.[20] reported that post-exercise muscle
ischemia that stimulated peripheral chemoreceptors by metabolites and removed CC from the
motor cortex decreased HR but kept higher sympathetic activity. In this study, CD conditioned
by CPT evoked a feedforward increase in HR, suggesting that the elevated HR occurring after
pain experience can be mediated by CC. 40% N>O did not attenuate the anticipatory HR
increase in CPT+CC or PLCB+CC, consistent with previous reports[21], implying that the
activity of central circuits evoking feedforward HR control by conditioned stimuli is not
suppressed by N>O. Taken together, it appears that 40% N>O may induce vasodilation, which

antagonizes vasoconstriction caused by anxiety, to prevent feedforward SBP increase before
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conditioning, but 40% N>O may not affect HR increase caused by fear, to maintain feedforward

SBP increase after conditioning, even with reduced f-stiffness.

4.3. Effects of Central Command and N20 on pressor response during CPT

Although HR during the second CPT was higher than the first for both RA and N>O, there was
no difference in the degree of elevated BP, suggesting that the contribution of CC to the pressor
response was negligibly small. However, the increase in fS-stiffness during CPT was smaller
under N2O than under RA, and accordingly, the increase in SBP was attenuated. Changes in
vascular resistance have been reported to contribute to the pressor response during exercise
more than changes in HR[22], which was also true in this study. Therefore, the pressor response
during CPT should be due to an increase in vascular resistance. Shimizu et al[23] have indicated
that S-stiffness can be an important risk factor for cardiovascular events. Based on Figure 2,
since the increase in f-stiffness during CPTy1sq was not different from that during PLCB+CC
under N>O, N>O inhalation sedation may reduce the cardiovascular risks associated with pain
stimulation. Moreover, the attenuated pressor response during stimulation by N>O may be due
to the suppression of the cardiovascular centers activating sympathetic nerves and/or the
suppression of sympathetic nerve itself, but not suppression of CC. Indeed, we have
demonstrated that 40% N>O reduced the increase in sympathetic nerve activity directly

measured using microneurography during CPT in humans[6].

4.4. Clinical implications and limitations
N20 inhibits sympathetic nerve activation, vasoconstriction, and pressor response—risk factors

for mortality events[24], suggesting that 40% N>O inhalation may be beneficial to avoid adverse
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events during dental treatments in patients with reduced cardiovascular reserves who are more
likely to exceed safe limits[25]. However, N>O failed to suppress anticipatory hemodynamics
induced by the conditioned stimulus. Even when inhalation sedation is applied, care must be
taken to mitigate stress, such as painful stimuli, to prevent unpleasant reactions during treatment,
especially for special needs patients who are prone to receiving conditioned stimuli because of
hyperesthesia. The evaluations of VAS and finger S-stiffness used to estimate a quantification
of subjective pain levels and sympathetic nerve activity included methodological limitations. It
is necessary to apply brain fMRI and microneurography to directly measure the higher brain
activity and sympathetic nerve activity to verify the underlying mechanism(s) responsible for
hemodynamic exaggerations by conditioned stimuli in future research. It would provide
appropriate strategies to reduce undesirable reactions during dental treatments. Although the
actual power of this study was 0.72, slightly less than expected, we believe that the sample size
was reasonable because recruiting a large number of subjects who agreed to inhale N>O was

the challenge, and it did not alter the conclusions.

5. Conclusions

The experience of pain stimuli induces increases in HR as a feedforward mechanism of the
anticipatory pressor response, which may be derived from the central command. 40% N>O
inhalation decreased subjective pain sensation and peripheral vascular stiftness but not the HR-
mediated pressor response evoked by the pain experience. These results suggest that 40% N>O

may attenuate the pressor response only when the feedforward HR increase does not exist.
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1 Table 1. Physical characteristics
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Variables n=15
Sex (M:F) 9:6
Age, year 284
Height, cm 165.8 +9.4
Weight, kg 62.4 £13.9
BMI, kg/m? 225+36

Values are mean + S.D.
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1 Table 2. VAS for pain intensity

RA N20 (R/’i—\\;: llL\jle)
CPTirst 74.7 +16.2 60.9 + 18.4 0.013
CPT+CC 76.1+13.9 50.7 + 29.0 <0.001
PLCB+CC 0.0+0.0 0.0£0.0 1.000

Values are mean = S.D. VAS indicates visual analog scale. Each variable was
compared between conditions under room air (RA) and 40%nitrous oxide (N20)

2
3
4 inhalation using Tukey test (n=15).
5
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Table 3. Cardiovascular variables during baseline and CPT/PLCB

RA N20
Baseline CPT/PLCB Baseline CPT/PLCB
CPTisy 117.3+10.8 1358+16.2* 114381 1295+ 12.2%
i?npﬁg CPT+CC  119.4+123 1356+17.8*  1171£10.2 137.8+14.9*
PLCB+CC  119.0+134  121.9+11.9 1194+96  124.1+13.1
CPTsg 732+93  88.7+10.6% 714+49  86.3+12.1%
r?]?npﬁg CPT+CC 780+80  91.3+125* 743+53  90.3+11.3*
PLCB+CC  74.96.2 75.0+ 7.6 751+ 4.9 76.8 + 8.4
CPTpsy 65.5+9.1 71.6 + 12.1 647+108  62.5+18.2
E';’n CPT+CC 644+76  71.0+12.1 58.8+189  704+88
PLCB+CC  63.7+8.4 63.4+8.6 627+109  61.1+10.1
CPTpsy 98.8 + 1.1 99.1+0.9 99.5+06  99.7 +0.6°
OSA)pOZ’ CPT+CC 98.5+ 1.1 99.1 +0.9 99.8+04  99.9+0.3°
PLCB+CC  98.5%1.0 98.7 + 0.9 99.8+04  99.8+0.4°
CPTpsy 19+1.6 5.7 + 8.0* 13+05 2.8+ 14"
'gfjfiﬁness’ CPT+CC 3.0+4.9 7.2+9.1% 12+0.3 2.0+0.8%
PLCB+CC 24+32 29+4.2 1.5+0.7 1.4+1.1

Values are mean + S.D. SBP indicates systolic blood pressure; DBP, diastolic blood
pressure; HR, heart rate; SpO2, percutaneous oxygen saturation; CPT, cold pressor
test; PLCB, placebo test; CC, central command. Each variable was compared between
conditions under RA and N20 and between baseline and CPT/PLCB using two-way
repeated ANOVA (n=15). *, vs baseline at p<0.05; ¥, vs RA at p<0.05 by post-hoc test
(Tukey test).
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Figure legends

Figure 1. Timelines for the repetitive cardiovascular response tests in which the participants
immersed their hand in cold water (~4°C) as pain stimulation for 2 min (CPT). The experiment
consists of three trials: the first CPT (CPTjisy), the second CPT (CPT+CC), and the placebo test
with warm water (~35°C) (PLCB+CC) under two conditions: room air (RA) and 40% nitrous

oxide/oxygen (N20) inhalation. Participants performed the 5-min baseline, 30-s countdown

(CD) before the stimulation, 2-min CPT/PLCB, and 3-min recovery in each trial.

Figure 2. Time course changes (A) from baseline in systolic blood pressure (SBP), diastolic
blood pressure (DBP), heart rate (HR), and finger arterial stiffness (f-stiffness) and cumulative
values during CPT/PLCB in CPT[is), CPT+CC, and PLCB+CC under RA and N>O. Values are

means = S.D. ¥, vs BL at p<0.05; #, vs CPT 15 at p<0.05; , vs PLCB+CC at p<0.05.

Figure 3. Changes (A) in SBP (4), DBP (B), HR (C), and g-stiffness (D) by 30-s CD before the
stimulation in CPT[1sy, CPT+CC, and PLCB+CC under RA and N>O, respectively. Values are

means £ S.D. A significant difference from RA is indicated at the level of p< 0.05 (Tukey test).

Figure 4. Relationship between subjective pain intensity and cardiovascular changes during
pain stimulation and that between subjective pain intensity and feedforward cardiovascular
changes after conditioning by experiencing pain stimulation. Linear regression analysis of the
inter-individual relationships between visual analog scale (VAS) and cumulative values of AHR

(A) and Ap-stiffness (B) and those between VAS and AHR (C) and Ap-stiffness (D) during CD
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under RA. Bivariate correlations were examined using the Pearson correlation coefficient.

Figure 5. Cardiac baroreflex sensitivity (BRS) determined from the sequence method of the
short-term HR and SBP variabilities for 15 participants at baseline and around the onset of
CPT/PLCB under RA and N>O in CPT[isq (4) and CPT+CC (B), respectively. Values are means
+ S.D. A significant difference from baseline at the level of p< 0.05 (Tukey test) was observed

around the onset of CPT under RA in CPT+CC.

Figure 6. The schema illustrates the co-relationship between central command before and after
pain experience during CD, peripheral reflex induced by pain stimulation, and the effectors

involved in the pressor mechanism during CPT under RA and 40% N2O.



-[Conditions]
RA : Supine rest for 20 min before repetitive cardiovascular response tests

N,O: Supine rest with inhalation of O, for 5 min, 20% N,O for 5 min, and 40% N,O for 15 min before the test

Baseline CPT/PLCB Recovery
(5min) (2 min) (3 min)
[Trials] tCountdown (CD: 30 sec before CPT/PLCB)
1st CPT.y .

2nd / 3rd CPT + CC *

v

2nd /3rd PLCB + CC *

v

3 2nd and 3rd: in random order

Figure 1. Protocol.
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Figure 2. Time courses changes (A) of cardiovascular variables from baseline.
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Figure 3. Changes (A) of cardiovascular variables by 30-s before stimulation.



>

Cumulative value of AHR, bpm

AHR during CD, bpm

120

80

40

y = 1.6163x - 98.609
R =0.6368
p =0.011 0©
(@]
T T 1
0 50 100
y =0.0631x - 3.2663
R =0.3005
=0.276
p o O
00O
(@]
i o o
(@)
Q o o
(@]
| (@]
(@]
(@]
N T 1
0 50 100
VAS

Cumulative value of AB-
stiffness, a.u.

o

ApB-stiffness during CD, a.u.

80 -
R =0.04
p=0.887
[ ]
40 -
(X J
° [ ]
[ )
0 ‘ X %
-40 O T 1
0 50 100
6 -
R =0.0045
p=0.987
[ ]
3 .
4 °
‘.
[ ] ..
0 ..o
Y [ J
3
T T 1
0 50 100
VAS

Figure 4. Relationships between pain intensity and cardiovascular changes.
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Figure 5. Cardiac baroreflex sensitivity during CPT.



After pain experience : Before pain experience

Central

CD = Conditioned Stimulus CD = Neutral Stimulus
Command A : /
(Fear or Anxiety)
Anxietil
Feed-forward-pressor
Response
(+)
" Cardiovascular
Pain Control Center
. I Vagal
Peripheral Reflex Unconditioned Activity
Stimulus ‘)
Pain stimulus-pressor / MSNA
Response /7 & (+)

Vasocorl}striction

B-stiffness 1 HR 1

U

BP 1

Figure 6. The co-relationship among central command and effecters involved.
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