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Abstract:  Thus far, attention has been paid to the relation between pain and anxiety, which has been 

studied. On the other hands, the earlier studies have hinted at the importance of considering mental and 

physical health from a holistic perspective, while taking into consideration the principles that prescribe 

the chaotic behavior of living organisms. Therefore, the purpose of this study is to use the respiration 

and pulse waves to examine the nature of the chaotic connection between biosignals involved in 

people’s mental and physical conditions, particularly those involved in the psychological trait of 

anxiety under a painful stimulus in this case. The results showed that with the high anxiety group, the 

extent of the synchronicity between their respiration and pulse waves under a painful stimulus 

increased, while this decreased for the low anxiety group. In other words, chaos dynamics for living 

systems are expressed in synchronous phenomena for the LLE for respiration and pulse waves. It also 

implied that these dynamics are prescribed by trait anxiety under a painful stimulus. This has opened 

up the possibility that, in the future, the cross-correlation function for LLE in pulse waves and 

respiration will make contributions to treating and assessing chronic pain in the field of clinical 

medicine. 
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I. INTRODUCTION 

 

uman biosignals are dispatched from complicated 

systems that consist of interactions between 

numerous different elements, and are known for their 

chaotic behavior. Chaos refers to fluctuations in 

phenomena, and is observed in most of the phenomena 

in the natural world, such as chemical reactions and the 

movement of fluids, as well as in the majority of 

biological and physiological phenomena, psychological 

phenomena, and social and economic phenomena. 

When it comes to biological information and 

psychological phenomena, it has often been reported 

that dynamic fluctuations involving chaos are 

associated with healthy conditions, more so than 

unchanging static stability is [31][40]. 

The Largest Lyapunov Exponent (LLE) derived from 

a chaotic analysis of biosignals was used as the 

indicator for people’s mental and physical health in 

these studies in order to quantitatively assess the 

chaotic nature inherent in these signals. For example, 

for respiration reference[44] reported that the LLE for 

respiration in panic disorder patients in a standing 

position was higher than with the healthy control group, 

while reference [45] pointed out that serotonin reuptake 

inhibitors are effective at decreasing overly-high LLE 

in panic disorder patients. On the other hand, for the 

fingertip pulse wave, which is an indicator for the 

cardiovascular system, reference [37] measured the 

fingertip pulse waves of patients with mental illnesses 

such as paranoid schizophrenia, maladjustment, and 

anxiety disorder and compared their LLE from when 

symptoms of their ailment were seen and when their 

symptoms were alleviated. The results of this showed 

that their LLE in the former case was significantly 

lower. Moreover, references [20] and [30] have 

reported that when psychological and physical loads 

become excessive, LLE declines. 

Studies have also been carried out that focus on 

particular psychological states and psychological traits. 

Reference [39] compared the LLE for people’s pulse 

waves when a painful stimulus had been applied to 

them using a group with high trait anxiety and one with 

low trait anxiety. In this study, the LLE for the people’s 

pulse waves rose significantly when a painful stimulus 

was applied, with the reason for this thought to be 

H 
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because tasks that require internal concentration 

decrease LLE, whereas tasks that require external 

adaptation increase LLE [30]. Conversely, no affect 

was observed due to high or low trait anxiety. 

Furthermore, it was revealed that painful stimulus 

activates parts of the brain related to emotion, such as 

the insular cortex and cingulate gyrus, with it 

commonly understood that pain and emotion are 

strongly linked with one another. Research results have 

been reported on the correlation between pain and 

anxiety [29] and how when postoperative trait anxiety 

show high values, chronic pain tends to occur [5]. 

There is also the possibility that personal factors for 

trait anxiety have an impact on pain in healthy people 

as well.  

Moreover, it has been revealed that excitement of the 

primary motor cortex normally stimulates the cingulate 

gyrus and activates the periaqueductal gray matter [7], 

which in turn causes the opioid system to function via 

descending pain inhibition to produce an analgesic 

effect [27]. However, reference [17] have reported that 

in cases where trait anxiety is high, it is possible that 

sensory input alone is not enough to activate the 

descending pain inhibition of the opioid system. A 

model which improves upon the conventional model of 

the circulatory system [35][24][25] by taking the 

impact from higher brain regions into consideration has 

been devised. In addition, an attempt has also been 

made to explain the chaotic behavior expressed in the 

cardiovascular system and pulse waves [28]. Because of 

this, it is fully conceivable that the chaotic nature of 

pulse waves under painful stimuli potentially affects 

trait anxiety, yet no impact was observed due to high or 

low trait anxiety in simple LLE for pulse waves in a 

study by reference [39].  

But if the chaotic nature of various biosignals is 

linked with physical and mental conditions, then a 

connection should also be observable in the chaotic 

nature between these biosignals. Put another way, it is 

possible that the impact of trait anxiety on the chaotic 

nature of living things under a painful stimulus is 

expressed in the connection between the chaotic nature 

inherent in individual biosignals.  

In actuality, the field of synergistics [10][11], which 

deals with the coordinative structures seen within 

dynamic systems, continues to amass findings that 

support physically equating the motor systems of living 

things (regardless of whether this is autonomous 

movement or volitional movement) with self-

organizing systems that follow order parameters 

(parameters encapsulating the order of systems) and 

dynamics [41] as a valid approach [22][33]. It also 

supports the idea that the principles for this 

coordination are identical, regardless of what types of 

subordinate systems perform this coordination [21][3].  

When this is taken into consideration, pulse waves 

and respiration can be thought of as constantly 

comprising a cooperative structure by means of 

universal principles. In other words, they can be 

perceived as a system that devolves into chaotic 

conditions as a result of the self-organization of living 

things [26]. If the chaotic behavior of pulse waves and 

respiration could be prescribed and the universal 

principles that produce such cooperative structures 

could be hypothesized, then it should be highly valid to 

consider the synchronous phenomena of the chaotic 

nature inherent in pulse waves and respiration in 

conjunction with mental and physical conditions. 

However, we could not find any studies focusing on the 

relationships between biosignals in studies on chaos in 

living organisms. Therefore, the purpose of this study is 

to use the respiration and pulse waves obtained from a 

study by  reference [39] to examine the nature of the 

chaotic connection between biosignals involved in 

people’s mental and physical conditions, particularly 

those involved in the psychological trait of anxiety 

under a painful stimulus in this case. 

 

II.   METHODOLOGY 

 

A. Experiment time and location 

This experiment was conducted between October 1 

and November 20, 2013 between 10:00AM and 

6:00PM in a shielded room in a psychology laboratory 

at University A in Tokyo. The air temperature within 

the shielded room was kept to within a range of 22 - 

27℃ via an air conditioner. 

 

B. Experiment participants 

The experiment was conducted on a total of 41 

university students, some with high trait anxiety and 

some with low trait anxiety (average age: 19.70 years 

old, SD=1.78 years, 18 males and 23 females). For the 

screening, students at University A in Tokyo were 

surveyed using the Japanese language version of the 

State Trait Anxiety Inventory-T (STAI-T) form [14]. 

Those with a score of average value+1SD or higher in 

the STAI-T were sorted into the high trait anxiety group 

(H-TA group), while those with a score of average 

value–1SD or lower were sorted into the low trait 
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anxiety group (L-TA group). Of the experiment 

participants, 23 people were in the H-TA group 

(average age: 19.30 years old, SD=1.37 years, 9 males 

and 14 females) and 18 people were in the L-TA group 

(average age: 20.20 years old, SD=2.12 years, 9 males 

and 9 females). 

 

C. Experiment equipment 

In this experiment, an MLT1010 Pulse Transducer 

(made by ADInstruments) was used as a device for 

measuring fingertip pulse waves, and an MLT1132 

Piezo Respiratory Belt Transducer (made by 

ADInstruments) was used as a device for measuring 

respiration. PL3508 PowerLab 8/35 (made by 

ADInstruments) was booted up on a PC-based 

computer (made by Toshiba; PSJ40N-0SL002) to 

perform AD conversion for the fingertip pulse wave 

and respiration data and to record this as time-series 

data. In addition, a Lyspect 3.5 (made by Chaos 

Technology Research Laboratory) was used to calculate 

LLE from the pulse wave and respiration time-series 

data. A Macintosh M5343 (made by Apple) was used 

for the data analysis. In addition, a round container 

maid of polypropylene with a diameter of 47cm and a 

depth of 14cm, a water temperature gauge (DL-0967 

made by Kai Corporation), ice packs, and towels were 

used as cold pressor test (CP test) equipment. 

 

D. Painful stimulus 

A CP test was used for the painful stimulus. This 

targeted the part of the body in front of the subjects’ 

wrist on their non-dominant hand so that they could fill 

out a psychological test before and after the painful 

stimulus. A round container maid of polypropylene 

with a diameter of 47cm and a depth of 14cm was filled 

with enough water to submerge the subjects’ wrist, 

and was then chilled to 10±3℃ by a cooling agent. 

Considering the need to obtain data for 18 seconds or 

longer at the very least owing to the issue of analytical 

segments, we employed a relatively high water 

temperature by referring to conventional wisdom 

[16][34][43]. 

 

E. Physical and physiological indicators 

Fingertip pulse waves and respiration were 

measured over three minutes using a sampling period of 

200Hz, and then a chaotic analysis was performed on 

this. For the various set values used during the chaotic 

analysis, we referred to the methods and wisdom 

regarding fingertip pulse waves that have been 

conventionally proposed [1][18][40], while making 

some adjustments. The delay time was set as the time 

when the autocorrelation function initially reached zero, 

while the evolution time was set at 50 ms, the size of 

the hypersphere was set as 0.05 (equivalent to 

approximately 5% of the average chaos attractor), the 

time constant as 1 second, and the embedding 

dimension as the fourth dimension. Furthermore, in 

order to truly reflect the factors that have an impact on 

the various set values, PL3508 PowerLab 8/35 (made 

by ADInstruments) was used to exclude components 

deviating from the exclusion range of 1Hz to 10Hz 

including baseline below 1Hz and high-frequency 

components over 10Hz. We also used a Lyspect (made 

by Chaos Technology Research Laboratory) to reduce 

noise. In addition, for the respiration data we used the 

first derivative for long-term trend reduction, and used 

a CHORUS (made by Computer Convenience) to 

perform smoothing at 50 points and 50 departures. 

 

F. Experiment Procedure 

1) Explanation of the experiment, confirmation of 

consent, and confirmation of physical condition (three 

minutes): The following explanation was given to the 

experiment participants.  “This experiment is a study 

concerning bodily sensations. Since this involves a 

procedure in which you will stick your hand in water, 

you must remove any wristwatches, rings, and so forth 

from your non-dominant hand. Since we will be 

attaching a belt to measure your respiration, you may 

have to remove thick outer clothing. If you experience 

any physical abnormalities, discomfort, or unpleasant 

feelings you can stop the experiment at any time. You 

will not suffer any adverse effects whatsoever for 

stopping the experiment. All of the information 

obtained from this experiment will be kept strictly 

confidential”. After delivering the explanation above, 

the subjects’ physical condition was checked (to see if 

they had any colds, fevers, or any other mental or 

physical ailments or disorders). Once they had 

consented to take part in the experiment and it was 

found that there were no problems with their physical 

condition, the experiment was carried out. 

2) Resting time (three minutes): We had the 

subjects maintain a resting state for three minutes in 

order for them to recover from the physiological 

changes accompanying movement and motion and to 

promote their familiarity with the environment.  

3) Physiological data pre-measurement (three 

minutes): The MLT1132 Piezo Respiratory Belt 

Transducer and MLT1010 Pulse Transducer were 

attached to the subjects and the respiration and pulse 

wave data measurements began. They were instructed 
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to maintain a resting state until otherwise instructed by 

the experimenters. 

4) CP test (three minutes maximum): “Please take a 

position with which you can avoid coming into contact 

with the cooling agent and water temperature gauge to 

the extent possible, and then submerge your hand up to 

the wrist. Once you have inserted your hand, please do 

not move it. Place the hand with the cuff attached to it 

on top of the desk, sit at the edge of the chair, and rest 

in as comfortable a posture as you can. Try to keep your 

hand in the water for as long as possible. As soon as 

you first start to feel pain, say ‘It hurts.’ At this time, 

please refrain from responding as much as possible, 

with this including wishing that the pain will not persist, 

encouraging yourself, distracting yourself by thinking 

of something else, trying to ignore the sensation of pain, 

or breathing deeply. However, when you reach the 

point where you feel that you cannot last another ten 

seconds because of the pain, then you may remove your 

hand. If you experience any physical abnormalities, 

discomfort, or unpleasant feelings, please say so 

without reservation. You can stop the experiment at any 

time”. After experimenter finished giving these 

instructions, the subject put their non-dominant hand in 

the cold water at the experimenter’s signal. The CP test 

for biosignal time-series data was deemed to have 

started when the experimenter confirmed that the 

position of the subject’s hand was stable. The CP test 

was deemed to be finished when the subject removed 

their hand from the cold water partway through, or once 

three minutes had elapsed. After that, the experimenter 

wiped off the subject’s hand.  

5) Resting time (one minute): The subjects were 

instructed to maintain a resting state until otherwise 

instructed by the experimenters. They were made to 

maintain a resting state for one minute in order for them 

to recover from the physiological changes 

accompanying the stimulus from the cold water.  

6) Physiological data post-measurement (three 

minutes): The respiration and pulse wave data were 

measured. The subjects were instructed to maintain a 

resting state until otherwise instructed by the 

experimenters.  

7) Confirmation of physical condition: It was 

confirmed that the subjects did not have any physical 

abnormalities and that any pain had completely 

disappeared, and an overview of the experiment was 

explained to those who wished to hear it. 

 

G. Ethical considerations 

In carrying out the study, we explained the study’s 

purpose, privacy protections, the fact that there were no 

adverse effects from not cooperating, and that the 

subjects themselves could stop the experiment 

immediately at their request. We also explained that if 

they requested that the researchers not use their data in 

the study, even after the measurements had concluded, 

that their data would absolutely not be used. We also 

confirmed the subjects’ physical condition, confirmed 

the total hours spent in the study, and announced when 

it was over. These explanations were strictly observed 

in an effort to strictly safeguard the rights of the 

subjects and uphold research ethics. 

 

H. Analytical method 

We examined the waveform correlation using the 

cross-correlation function on the raw data and LLE for 

the fingertip pulse waves and respiration. Since the 

types of data for the pulse waves and respiration differ, 

examining the correlation on the raw data as is would 

cause problems. As a result, the raw data was converted 

to a Z-score, following which the cross-correlation 

function was calculated (Fig. 1 and  Fig. 2). 

 
Fig. 1 Pulse wave data sample (the raw data is above, 

data that has been converted to a Z-score is below) 

 

 
Fig. 2 Respiration data sample (the raw data is above, 

data that has been converted to a Z-score is below) 

 

The definitional equation for the cross-correlation 

function is (1): 
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Since the data that we can actually measure is discrete 

data of a finite length, we devised several ways to 

estimate the cross-correlation function. The most basic 

approach was a method of calculating this from a 

correlogram, and for this study we estimated this using 

a Fast Fourier Transform (FFT), which is commonly 

used. More specifically, FFT was used to calculate a 

cross spectrum for dual-variable time series data, and 

the cross-correlation function was estimated by 

performing an inverse Fourier transform on this. In 

addition, τ is 1/200 of a second, which was the time 

interval for the data, and this was estimated for the 

interval between 0 and 180 seconds. Since this cross-

correlation function data is to be analyzed as single data 

points, in this study the highest cross-correlation values 

in the interval from which 20% of the latter half of lag 

values for the cross-correlation function had been 

excluded were subject to analysis. The reason that 20% 

of the latter half of the lag values were excluded was to 

remove pseudo-correlated values. 

After that, a variance analysis was performed on 

two groups (H group and L group) × three repetitions 

for each stage (pre, pain condition, and post) regarding 

the cross-correlation function for LLE for respiration 

and pulse waves. These were examined to see if there 

were any repeated main effects and interactions. For 

those pairings where repeated main effects were 

significant and those where an inclination towards 

significance was seen, a multiple comparison was 

carried out using Tukey’s HSD test. For those pairings 

where interaction was significant and those where an 

inclination towards significance was seen, a multiple 

comparison was carried out after a simple main effect 

test was performed. 

 

III. RESULTS 

 

  Interaction showed a significant tendency 

regarding the maximum value for the cross-correlation 

function for LLE (F(2,48)=3.11, p<.06). The results of 

the simple main effect test showed that the cross-

correlation functions for the pain condition was 

significantly higher for the high anxiety group at 5% 

(F(1,27)=4.61,p<.05, Fig. 3). 

In other words, this means that chaotic 

synchronization for respiration and pulse waves was 

higher with the high anxiety group. 

 
Fig. 3 Average of the maximum values for the cross-

correlation function for LLE in each condition 

 

IV. DISCUSSION 

 

This study used the respiration and pulse waves 

obtained from a study by reference [39] to examine the 

nature of the chaotic connection between biosignals 

involved in people’s mental and physical conditions by 

using a cross-correlation function for LLE. The results 

showed that with the high anxiety group, the extent of 

the synchronicity between their respiration and pulse 

waves under a painful stimulus increased, while this 

decreased for the low anxiety group. This supports the 

prediction that the impact of trait anxiety on the chaotic 

nature of living things under a painful stimulus would 

be expressed in the connection between the chaotic 

nature inherent in pulse waves and respiration.  

The field of synergistics offers the framework of the 

HBK model [12], which models the coordinated 

movement between extremities such as arms and legs. 

Reference [38] is one study that used this framework to 

examine the relationship between coordinated 

movement and psychological states. This study proved 

that when people are under stressful conditions the 

extent of the coordination between their respiratory 

muscle groups in the abdomen and chest decreases, 

while it increases when they are in relaxed conditions. 

If we substitute the terms trait anxiety under a painful 

stimulus and stress, then at a glance this seems to 

contradict the results of this study. However, this study 

estimates the relationship between two rawdata, 

whereas the current study estimates the relationship 

between two LLE. So further discussion about 

psychophysiological significance of this consequence is 

required. 

In conventional synergistics, the parameters that 

describe the order of a system are called order 

parameters, while parameters that have an effect on 

these are called control parameters [10][11], and the 

dynamics of people’s coordinated movements have 
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been examined. The majority of these studies have 

examined the dynamics of order parameter φ by using 

the relative phase (φ) generated between two oscillating 

motor systems as the unit for coordination, and 

manipulating the two control parameters of the 

oscillating frequency of two coordinated systems and 

the difference between the natural frequencies of the 

subordinate components constituting them ⊿ ω . 

Conversely, if we consider that the dynamics of living 

systems are accompanied by chaotic rhythms, then it 

should be highly valid to observe the synchronous 

phenomena of the chaotic nature inherent in biosignals. 

This study, in particular, examined the effect that the 

psychological variable of trait anxiety has on 

synchronous phenomena between biosignals. The 

amygdala is commonly known to be the nerve center 

that governs anxiety, while the central nervous system 

is also a subordinate component of living systems that 

is supposed to form a cooperative relationship with the 

respiratory movement system and cardiovascular 

system. The Dynamical System’s Approach (DSA) has 

been proven effective when it comes to time-series data 

at various levels, from the behavioral level to the nerve 

level [9][23]. Presumably, considering synchronous 

phenomena between LLE for biosignals would be 

effective for examining what sort of involvement the 

psychological states that play roles at various different 

levels—such as the behavioral level, physiological level 

such as the circulatory system and musculoskeletal 

system, and the higher-order central nervous system 

level—have with the body.  

According to this study, chaos dynamics for living 

systems are expressed in synchronous phenomena for 

the LLE for respiration and pulse waves. It also implied 

that these dynamics are prescribed by trait anxiety 

under a painful stimulus. This has opened up the 

possibility that, in the future, the cross-correlation 

function for LLE in pulse waves and respiration will 

make contributions to treating and assessing chronic 

pain in the field of clinical medicine. In reality, trait 

anxiety is an individual factor that tends to lead to 

chronic pain in particular [5]. In patients suffering 

chronic pain, plastic changes with pain regulation in the 

central nervous system and peripheral nervous systems 

[6][15][36][42], psychological factors, and the like 

oftentimes retard medical treatment because they 

contribute to the formation of clinical conditions. 

However, it has been reported that the heart rate 

variability biofeedback method (HRV-BF method), in 

which fluctuations in a person’s heart rate are increased 

by regulating respiration, lowers trait anxiety levels 

[32], and that it is effective against fibromyalgia 

syndrome, which is a model ailment when it comes to 

chronic pain [13]. Regulating respiration contributes to 

controlling living things as an effective means of 

intervening in their chaotic nature, and can potentially 

be selected as a treatment for chronic pain. Ideally, 

synchronous phenomena for the LLE for pulse waves 

and respiration will be examined in the chronic pain 

field. This not only has a strong possibility of 

maintaining health using the chaotic nature of living 

things, but also of having said chaotic nature contribute 

to maintaining and promoting physical and mental 

health through the dynamic relationship between 

physiological phenomena.  

Adopting this sort of perspective will allow us to 

perceive living systems holistically. Put another way, 

living things are not the union of elements that they had 

been thought to be in a reductionist sense in 

conventional natural sciences. Rather, they are complex 

systems in which interactions occur between various 

elements at all levels from the micro to macro, and thus 

they display chaotic behavior on the whole. If we 

assume this, then the possibility arises that describing 

and controlling chaos dynamics as a universal principle 

that prescribes the chaotic nature of pulse waves and 

respiration could contribute to determining and 

controlling the status of living systems as a whole.   
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