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Abstract: Continuously monitoring and efficiently managing pain has become an important 

issue. However, no study has investigated a change in physiological parameters during the process 

of pain production/relief. This study modeled the process of pain production/relief using ramped 

thermal stimulation (no pain: 37°C water, process of pain production: a heating rate of 1°C/min, 

and subject feels pain: water kept at the painful temperature for each subject, with each segment 

lasting 10 min). In this duration, the variation of the heat rate variability and photoplethysmog-

raphy-derived parameters was observed. A total of 40 healthy individuals participated: 30 in the 

trial group (14 males and 16 females with a mean age of 22.5±1.9 years) and 10 in the control 

group (7 males and 3 females with a mean age of 22.5±1.3 years). The results showed that the 

numeric rating scale value was 5.03±1.99 when the subjects felt pain, with a temperature of 

43.54±1.70°C. Heart rate, R-R interval, low frequency, high frequency, photoplethysmography 

amplitude, baseline, and autonomic nervous system state showed significant changes during 

the pain production process, but these changes differed during the period Segment D (painful 

temperature 10: min). In summary, the study observed that physiological parameters changed 

qualitatively during the process of pain production and relief and found that the high frequency, 

low frequency, and photoplethysmography parameters seemed to have different responses in four 

situations (no pain, pain production, pain experienced, and pain relief). The trends of these varia-

tions may be used as references in the clinical setting for continuously observing pain intensity.

Keywords: pain production, heart rate variability, photoplethysmography, thermal stimuli

Introduction
Pain is considered to be a sensory response to tissue damage, which often results in 

an uncomfortable feeling and thus affects the physiological activity and psychological 

level of a patient.1,2 In a clinical setting, pain will result in a patient’s poor recovery from 

a wound and will even trigger complications if it cannot be appropriately relieved.3–5 

In 2001, the standards of the Joint Commission on the Accreditation of Health Care 

Organizations advocated the consideration of pain as a fifth vital sign and emphasized 

the necessity of recording pain.6 A quality pain assessment is the foundation of pain 

management. Thus, achieving a better comprehension of the detailed action of pain 

production/relief is a challenge and an important issue.7

In a clinical setting, pain production/relief is a progressive process (no pain to 

pain/pain to no pain) over time. Therefore, pain may be effectively controlled if we 

can continuously observe a patient’s pain intensity change. Pain is considered to be 
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an autonomic nervous response to severe stress, and there 

are relationships between pain and physiological responses. 

The heart rate variability (HRV) and photoplethysmography 

(PPG)-derived parameters are considered to be responses of 

the autonomic nervous system and have also been applied in 

the pain field.8–15 However, no study has explored physiologi-

cal methods for continuously monitoring pain.

The goal of this study was to understand the change in 

the HRV and PPG parameters during the process of pain 

production/relief. Therefore, the study modeled a tonic pain 

stimulation system using a heat control method and observed 

these physiological responses during the process. We hope 

that this information can serve as a reference for continu-

ously monitoring pain and provide a better method of pain 

management.

Methods
Subjects
The study was approved by the Institutional Review Board 

of En Chu Kong Hospital (ECK-IRB No. 1041101). In this 

study, 30 healthy participants (16 females and 14 males) were 

recruited for the trial group, and 10 participants (3 females 

and 7 males) were recruited for the control group, all of whom 

were between the ages of 20 and 27 years. All of them were 

from Chung Yuan Christian University, Taiwan, and provided 

written informed consent before the experiment. The exclu-

sion criteria were 1) alcohol, opioid, and coffee abuse or 

dependence; 2) a known history of structural cardiac abnor-

malities, any concomitant inflammatory rheumatic diseases, 

or any other illnesses known to affect the autonomic nervous 

system; 3) an implanted pacemaker; 4) the use of any drug 

that affects cardiac functions; and 5) chronic/acute pain.

Study design
Heat pain stimulation
During the study periods, the room in which the measure-

ments were taken was quiet and had a constant temperature 

(25°C). Each of the subjects sat in a comfortable armchair, 

and electrocardiography (ECG) and PPG signals were simul-

taneously recorded.

Heat stimulation has been considered to be a mode that 

can reflect clinical pain.15–18 Therefore, the study used a heat 

stimulation system to model a stimulation condition for pain 

production/relief. We made a ramped stimulation condition of 

tonic pain using an IC thermostat (SH-958-LC; ISTA-Tzong 

Yang Aquarium Company, LTD, Tainan City, Taiwan) with a 

900 W silica glass heater, which could produce a temperature 

rise of 1°C/min in 12 L of circulating water. In addition, 

water at 25°C was injected using a throttle switch to model 

pain relief (Figure 1).

The study divided the entire experimental procedure into 

Segments A–E. Each subject was asked about their numeric 

rating scale (NRS) degree of pain before the end of each seg-

ment, and their ECG and PPG signals were recorded during 

the entire period. In Segment A, the participants remained in 

a calm state for 10 min. In Segments B–E, the participants 

immersed their left hand in the 12 L of circulating water for 

10 min per segment. In Segment B, the circulating water was 

kept at 37°C. Segment C was the process of pain production. 

The water temperature was increased at a rate of 1°C/min and 

stopped when the participant felt pain or the water tempera-

ture reached 47°C. In Segment D, the painful temperature 

was maintained. Finally, Segment E was the process of pain 

relief. This was accomplished by injecting 25°C water into the 

circulating water using a throttle switch until the temperature 

was <32°C (Figure 2, upper panel). However, the temperature 

reached in Segment C differed per person, because the pain 

sense differs by individual. Therefore, the study used linear 

interpolation to calibrate the data in Segment C.

A

B

C

Figure 1 Diagram of heat stimulation system.
Notes: (A) The IC thermostat, (B) 12 L of water and a 900 W silica glass heater at 
bottom right, and (C) water (25°C) with a throttle switch exchanger.
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Physiological signal recording
We obtained HRV and PPG parameter values by detect-

ing ECG and PPG signals. ECG signal was detected using 

Ag/AgCl electrodes (35×40 mm; F-TC1; Sofmed, Gangw 

on-do, Korea) for lead II. The signal was processed using a 

second-order Butterworth filter (frequency range: 0.05–150 

Hz) and a T-type rejection filter (rejected frequency: 60 Hz), 

with an amplified gain of 1,000. A PPG signal was obtained 

from a PPG sensor (DS-100A, Nellcor Inc., Pleasanton, 

CA, USA) attached to the index finger and processed using 

a second-order Butterworth filter (band pass: 0.01–33 Hz), 

with an amplified gain of 330. The ECG and PPG signals 

were connected to a data acquisition device (NI USB-6341, 

Micro Precision Test Equipment, Grass Valley, CA, USA) 

and then transferred to a personal computer for simultaneous 

recording. The sample rate was 1 kHz.

In this study, the total time for signal recording was 50 

min. We used LabVIEW (Austin, TX, USA) 2012 to observe 

the signal changes in greater detail and considered their 

validity. For the signal analysis, we used a sliding window 

to resample, with a basic unit of 5 min and a delay time of 

1 min, and acquired 45 data samples (we deleted the first 5 

min) (Figure 2, lower panel).

After acquiring these 45 data samples, we calculated the 

HRV and PPG parameters for each sample. The study used 

a dynamic threshold to acquire the R-wave peak position of 

the ECG to calculate heart rate (HR) and R-R interval (RRI), 

measured the RRI using the resampling method proposed by 

Berger, and acquired high frequency (HF) and low frequency 

(LF) from the fast Fourier transform.19,20

Based on a review of the previous literature, we found 

that the pulse of the PPG signal has a direct relationship 

with the heartbeat. We found the PPG peak point (P peak) 

and valley point (P valley) from the pulse–pulse interval of 

PPG. Then, we calculated the PPG parameters according 

to the 2010 study by Paloheimo et al, including the PPG 

amplitude (PPGA), baseline (BL), and autonomic nervous 

system state (ANSS; PPGA × PPI), which are related to the 

autonomic nervous system activity.21,22

The dynamic threshold formula of HRV is as follows:

	
T T

D T n
K

Bn n
n

+( ) = ( ) +
+( ) −

+1
1 ( ) � (1)

where T(n+1) is the updating threshold, T(n) is the threshold 

before, D(n+1) is the ECG signal input, K is the weight value, 

B is the offset, and PPI is the pulse–pulse interval.

Statistical analysis
This study demonstrated the differences between the seg-

ments for all the parameters using the repeated measures 

Explanation Baseline

Left hand into
the sink NRS NRS NRS NRS

A B C D E

Warm water (37°C)

Time (min)
0 5 10 15 20 25 30 35 40 45 50 55

In 1°C/min and
heated to pain

Keep pain
temperature

Drop
temperature (32°C)

Figure 2 Experimental process.
Notes: The upper panel shows experimental process. The lower panel shows the repeat window method, which had a base unit of 5 min and a delay time of 1 min. Numeric 
Rating Scale (NRS) is an 11–point scale (0–10) for patient self-reporting of pain.
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analysis of variance and was done using IBM SPSS Statistics 

22 (IBM Corporation, Armonk, NY, USA). Data are pre-

sented as the mean ± standard derivation. We also compared 

the difference between the trial and control groups using an 

independent-samples t-test to confirm that there was no basic 

difference in the information for the participants between the 

two groups. A P-value <0.05 was considered to indicate a 

statistically significant difference.

Results
This study included 40 healthy participants: 30 participants 

in the trial group (14 males and 16 females with a mean age 

of 22.5±1.9 years) and 10 participants in the control group 

(7 males and 3 females with a mean age of 22.5±1.3 years) 

(Table 1). There was no difference between the trial and 

control groups in relation to their basic information (age, 

body mass index, and so on). Each subject in the control 

group immersed their left hand in the 37°C water for 40 min. 

According to the results, the physiological parameters did 

not significantly change with the immersion time (Table 2).

For the trial group, we needed to determine whether 

there were significant changes in the subjects’ physiological 

parameters after heat stimulation. The NRS values of the 

subjects were recorded in the four situations (Segments B, 

C, D, and E). Their NRS values were 5.03±1.99 at the end 

of Segment C (in the 31st min) when the temperature was 

43.54±1.70°C (Table 1). Table 3 shows that there is no differ-

ence between Segments A and B for all the parameters; all the 

parameters show significant changes in Segment B compared 

with Segments C and D; some parameters (except HF and 

LF) also show significant differences between Segments C 

and D; and HR, RRI, LF, PPGA, and BL show significant 

differences when comparing Segments D and E.

To observe the signal changes in more detail in the pro-

cess of pain production/relief, we used a repeat window to 

resample and acquired 45 data samples within 45 min (we 

deleted the first 5 min) for each parameter. Figure 3 shows 

that all the parameters experience little change in Segment 

B (11th to 21st min); in Segment C (21st to 31st min), HR 

increases as the temperature increases, and LF, HF, and PPGA 

Table 1 Participants’ characteristics

Participants’ characteristics/
group 

Trial group 
(n=30)

Control group 
(n=10)

Gender (male/female) 14/16 7/3
Age (years) 22.5±1.9 22.5±1.3
BMI (kg/m2) 22.08±4.21 21.84±3.61
Maximum heat temperature (°C) 43.54±1.70 37±1.06
NRS (Segment B) 0.17±0.46 0
NRS (Segment C) 5.03±1.99* 0
NRS (Segment D) 0.97±1.35*,** 0
NRS (Segment E) 0**,*** 0

Notes: *p<0.05 versus Segment B; **p<0.05 versus Segment C, ***p<0.05 versus 
Segment D in the trial group.
Abbreviations: BMI, body mass index; NRS, numeric rating scale.

Table 2 Comparison of results for physiological parameters of control group in each segment

Parameters/time (min) TA TB TC TD TE

HR (beats/min) 74.38±11.31 74.62±7.50 75.61±10.44 76.38±9.14 76.95±9.75
Mean RRI (ms) 823.66±130.60 801.40±80.31 807.54±118.78 795.55±98.67 790.52±101.20
LF (ms2) 613.01±100.37 612.69±90.32 619.44±97.44 609.93±88.45 616.16±110.34
HF (ms2) 586.88±82.74 582.86±64.09 597.37±113.45 594.47±91.97 578.22±90.65
PPGA (voltage) 1.09±0.54 0.94±0.43 0.90±0.38 0.81±0.33 0.88±0.33
BL (voltage) 1.65±0.17 1.70±0.14 1.71±0.12 1.74±0.09 1.71±0.11
ANSS (% s) 0.87±0.38 0.76±0.33 0.72±0.29 0.65±0.24 0.72±0.32

Note: There was no significant difference between each segment.
Abbreviations: HR, heart rate; RRI, R-R interval; LF, low frequency; HF, high frequency; PPGA, photoplethysmography amplitude; BL, baseline; ANSS, autonomic nervous 
system state.

Table 3 Comparison of results for physiological parameters of trial group in each segment

Parameters/section A B C D E

HR (beats/min) 80.27±12.35 80.83±12.36 83.34±12.03* 86.85±12.41*,** 83.53±11.71***
Mean RRI (ms) 765.49±127.79 760.23±128.50 735.61±120.07* 705.13±14.05*,** 733.10±116.04*,***
LF (ms2) 575.33±123.73 574.29±137.61 530.56±96.34* 520.27±117.24* 571.30±138.63**,***
HF (ms2) 586.30±115.16 581.18±133.92 556.05±115.10 527.79±144.19* 558.70±138.57
PPGA (voltage) 0.93±0.60 0.83±0.63 0.58±0.41* 1.15±0.67*,** 0.91±0.47**,***
BL (voltage) 1.56±0.78 1.59±0.78 1.68±0.77* 1.50±0.77*,** 1.57±0.77**,***
ANSS (% s) 0.74±0.52 0.67±0.58 0.44±0.34* 0.84±0.58*,** 0.67±0.37**

Notes: *p<0.05 versus Segment B; **p<0.05 versus Segment C; ***p<0.05 versus Segment D.
Abbreviations: HR, heart rate; RRI, R-R interval; LF, low frequency; HF, high frequency; PPGA, photoplethysmography amplitude; BL, baseline; ANSS, autonomic nervous 
system state.
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decrease; in the Segment D (31st to 41st min), the water tem-

perature is maintained at the painful level for each subject, 

HR continuously increases, and the other parameters remain 

at a horizontal level in the beginning. Then, PPGA quickly 

rises after 3 min (34th min). LF and HF also rise quickly after 

8 min (38th min); during Segment E (41st to 51st min), when 

cold water is injected into the circulating water to eliminate 

the pain for all the participants, all the parameters show an 

opposite change. During the whole process (Segments A–E), 

RRI changes adversely with HR, the change in ANSS is 

similar to that of PPGA, and BL shows an adverse change.

Discussion
Although the issue of pain is being taken more seriously than 

in the past, pain assessment still uses a subjective pain scale 

or questionnaires to record pain levels in clinical practice. 

However, these cannot provide continuous observation, 

and these also have shortcomings or blind spots that limit 

their usefulness, including inadequate assessment accuracy 

because of their subjective nature or unclear description. 

Therefore, this study considered whether finding variation 

trends in physiological parameters during pain production/

relief would make it possible to continuously observe pain 

intensity. In a clinical setting, HRV is considered to be an 

index for autonomic nervous activity assessment. When 

pain is produced, the human body will produce an algogenic 

substance that affects the autonomic nervous system, thereby 

causing sympathetic activity and parasympathetic suppres-

sion, which in turn increase HR and decrease RRI, LF, and 

HF.16,23–25 The PPG parameters are considered to be related 

to the balance of nociception and sympathetic activity and 

have recently been applied in the anesthesia and pain fields. 

According to previous studies, PPG parameters immediately 

showed a response to nociceptive stimulation, and PPGA and 

ANSS decreased following pain stimulation.14,22,26

In this study, subjects in control group immersed their 

hand in 37°C water for 40 min, but the HRV and PPG 

parameters did not change over time. This showed that the 
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changes in the parameters of the trial group were related to 

pain production/relief. In the trial group, the HRV results for 

each segment compared were similar to the results of previous 

studies, but the change we observed in the PPG parameters 

was different.14,15,24,27 The NRS values were recorded at the 

end of Segments B–E. Figure 3 shows that the highest NRS 

value was 5.03±1.99 at the end of Segment C (31st min), 

which had a medium pain level, but it was decreased to 

0.97±1.35 at the end of Segment D (41st min). This may have 

been because a human’s pain sense is the most intense in the 

first minute when tonic pain stimulates, and then the pain 

sense depresses over time.13 Therefore, there was a decrease 

in the NRS value for Segment D.

At the start of Segment B (11th min), all the parameters 

slightly changed when the hand was immersed in 37°C water 

from the room temperature environment, but there was no 

significant difference in the data between Segments A and 

B. We consider that this slight change may have been caused 

by the subjects’ contact with a different environment. In the 

Segment C, while heating the water at 1°C/min to a pain-

ful temperature for each subject, all the parameters seemed 

to change linearly with the temperature rise. However, in 

Segment D, each parameter had a different response over 

time. HR still rose until pain relief; LF and HF remained at 

a horizontal level in the beginning, but rose from the 37th to 

41st min. This may have been because the subjects habituated 

to the pain or temperature, which caused parasympathetic 

activity. PPGA and ANSS first dropped to the lowest level 

and then rose substantially after 2 min (33rd min). Fazalbhoy 

et al28 found that temporal pain stimulation may cause indi-

vidual differences in cardiovascular responses and heighten 

blood pressure. Hence, we conjecture that the response of 

the PPG parameters may have been caused by prolonged 

pain stimulation and the baroreceptors being excited by 

prolonged involvement. That caused the subjects’ blood pres-

sure to increase, and PPGA and ANSS increased following 

the blood pressure.29,30 In Segment E, when the cold water 

was injected, the pain progressively disappeared, and most 

parameters seemed to return to their BL values in Segment 

B (except HR and RRI).

According to the earlier mentioned results, the responses 

of the PPG parameters were different from the results of 

previous studies. PPGA and ANSS decreased when pain 

was stimulated in previous studies, but in this study, those 

parameters rose after 3 min during the tonic pain stimu-

lation. We consider that this difference was because the 

stimulation time was longer in this study. When the HR 

rises or arterial pressure drops too low, the baroreceptor 

will produce a reflex to return the arterial pressure to nor-

mal, resulting in the vascular center being excited, and an 

increase in the arterial pressure.31,32 This will cause PPGA 

to increase and affect other PPG parameters. However, 

more research data are needed to confirm this inference 

in the future.

There are two limitations in this study. 1) The study used 

a repeat window with a basic unit of 5 min and delay time of 

1 min for signal processing, which may ignore some detailed 

information for signals. 2) PPG parameters’ changes were 

different from those recorded in previous studies, and we 

consider that this was related to blood pressure. However, 

continuous blood pressure was not recorded in the study, 

because the cuff of blood pressure measuring equipment 

could affect PPG signal.

Conclusion
In this study, we observed the qualitative changes in physi-

ological parameters during the process of pain production 

and relief and found that the HF, LF, and PPG parameters 

seemed to have different responses in four situations (no 

pain, pain production, presence of pain, and pain relief). 

These variation trends may be used as a reference in the 

clinical setting for continuously observing pain intensity. 

In the future, we can add an appropriate method for blood 

pressure recording to confirm the change of PPG signal, 

to record the subjective pain sense in greater detail during 

the process of pain production (in Segments C and D), to 

quantify the variation in pain production/relief using math-

ematical methods, and to predict pain production. This could 

further be applied to cases of clinical pain, and at the same 

time, may be used to better observe any further changes in 

such signals.
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