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Chapter 1

Introduction

1.1 Background

The autonomic nervous system incorporates involuntary control functions for circu-

lation, respiration, digestion, body temperature, incretion, reproduction and metabolism.

It has sympathetic and parasympathetic parts, which have opposite actions. The for-

mer is activated by physical activity such as exercise or by stress caused by stimuli

such as fear, anxiety, bleeding or pain, which increase the heartbeat and vascular con-

traction [1]. The latter is activated by relaxing activities such as sleep or eating, which

reduce the heartbeat and vascular dilatation [1]. In this way, there is a close relation-

ship between autonomic nerve activity and biological response.

The many medical conditions caused by autonomic nervous function abnormalities

include hyperhidrosis, which is characterized by excessive sweating unrelated to body

temperature and stems from sympathetic nerve hyperactivity. It affects areas with a

high concentration of sweat glands such as the hands, lower limbs and armpits. Palmar

and footpad hyperhidrosis in particular cause misery for sufferers. Japan’s Ministry

of Health, Labour and Welfare reports that the total number of people with serious

hyperhidrosis is as high as 0.8 million [2]. The first stage of hyperhidrosis treatment in-

volves dermatological approaches such as external application of aluminum chloride and

1



2 Chapter 1. Introduction

electrical therapy on the skin surface [3]. For severely affected patients who remain

unresponsive to such treatment, a surgical operation known as endoscopic thoracic

sympathectomy (ETS) is performed [3]. In this procedure, a clip is used to block the

sympathetic trunk, whose excessive activity causes hyperhidrosis, near the spine of the

thorax [4]. If this is insufficiently effective the first time, it is performed again. To

support accurate assessment for the success or failure of ETS, the ability to monitor

sympathetic nerve activity beyond the distal area of the blocked part is essential.

Meanwhile, numerous disorders appear to have the characteristics of autonomic ner-

vous system conditions but in fact are not. An example of this is Parkinson’s disease,

which is a generic name for a condition involving the pathognomonic motor symptoms

of essential tremors, muscle rigidity, akinesia and impairment of postural reflexes [5].

Although the mechanism behind Parkinson’s disease has not been fully elucidated, its

motor symptoms are considered to stem from a reduced number of neurons in the

substantia nigra and lower production of dopamine neurotransmitters [5]. Parkinson-

ism is a generic term describing a condition with several symptoms similar to those

of Parkinson’s disease [5]. The causes of Parkinsonism symptoms are obvious. For

instance, drug-induced Parkinsonism occurs as a result of side effects from tranquiliz-

ers or antipsychotic drugs, vascular Parkinsonism results from vascular conditions of

the brain such as cerebral infarction and cerebral hemorrhage, and multiple-system

atrophy is caused by cerebellar degeneration [5]. It is very important to discriminate

between Parkinson’s disease and Parkinsonism, as their treatment methods differ [5].

Doctors clinically diagnose Parkinson’s disease and Parkinsonism based on informa-

tion obtained by examining and asking patients questions using the Hoehn and Yahr

scale [6] and the unified Parkinson’s disease rating scale (UPDRS) [7]. However, it is

challenging even for experienced doctors to distinguish the two conditions because their



1.1 Background 3

motion impairment characteristics are similar. The Hoehn and Yahr scale and UPDRS

also involve only subjective assessment by doctors and self-reporting by patients on

motility issues [5]. To support diagnosis, Okuno et al. proposed a finger-tapping move-

ment measurement system involving the use of an acceleration sensor [8], and Shima

et al. proposed a similar system involving the use of a magnetic sensor [9]. Shima et

al. also proposed a quantitative evaluation method based on UPDRS for Parkinson’s

disease. These methods incorporate the evaluation of finger-tapping function, and can-

not be used to distinguish Parkinson’s disease from Parkinsonism because they do not

support evaluation of Parkinson’s disease characteristics other than certain motor func-

tions. However, Parkinson’s disease sufferers exhibit symptoms discordant from those

of Parkinsonism, including autonomic nervous symptoms such as reduced sweating,

orthostatic hypotension, coprostasis and dysuria [5]. Monitoring of autonomic nervous

function is therefore useful for differential diagnosis between the two conditions.

Monitoring of autonomic nerve activity is also useful for other diagnosis tasks such

as evaluation of pain during surgery and treatment under anesthesia, which is given

to inhibit pain and mental suffering during surgical operations. General anesthesia

involves injecting the patient with a combination of an analgesic, a tranquilizer and

muscle relaxant. These must be administered in appropriate amounts and with appro-

priate timing in consideration of individual conditions because excessive administration

places a burden on patients [10,11]. The bispectral index (BIS) has been used to quan-

titatively and objectively estimate arousal levels based on brain waves in order to

monitor sedation [12], and neuromuscular monitors have been used to quantitatively

and objectively assess muscular contraction levels based on electrical stimuli in order

to monitor muscle relaxation [13]. However, the analgesic effect is only subjectively

estimated by doctors based on heart rate and brain wave changes; quantitative and
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objective assessment of the pain actually felt by patients remains challenging. As the

autonomic nervous system is activated by painful stimuli [1], the capacity for quan-

titative and objective determination of autonomic nerve activity would be useful for

assessing pain levels in order to determine appropriate anesthesia dosages.

1.2 Related Works

Various methods for quantitative evaluation of autonomic nerve activity based on

biological responses have been reported in previous literature [14–16, 18, 19, 21, 23, 27].

For example, Shahani et al. evaluated autonomic nerve activity based on sweat gland

activity estimated from changes in the electrical potential of the skin surface [14].

However, electrical potential cannot be measured from patients with abnormal sweat

gland function or skin abnormalities, and is profoundly affected by measurement con-

ditions such as electrode positioning, room temperature and body temperature. Some

researchers have proposed autonomic nervous function evaluation methods focused on

arterioles and other parts of the circulatory system. By way of example, Akselrod et

al.’s frequency analysis of intervals between canine heartbeats suggested that parasym-

pathetic nerve activity is linked to the high-frequency component of these intervals

(HF: 0.15 – 0.4 Hz), and that sympathetic nerve activity corresponds to their low-

frequency component (LF: 0.15 – 0.4 Hz) per HF (i.e., LF/HF). This method, which is

called heart rate variability (HRV) analysis, is applied in a variety of situations [15]. By

way of example, surgical results of endoscopic thoracic sympathectomy (ETS) can be

evaluated on the basis of changes in sympathetic nerve activity calculated from HRV

before and after operations [16]; autonomic nervous function for patients with Parkin-

son’s disease calculated from HRV can be non-invasively evaluated via head-up tilt

tests [17] in which the subject stands passively [18]; and pain/discomfort experienced
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by patients during dental treatment can be estimated from HRV [19]. However, HRV

supports comprehensive assessment only for effects relating to the autonomic nervous

system due to its focus on cardiac autonomic nerve activity [20]. When peripheral au-

tonomic nerve activity needs to be quantitatively evaluated (as is the case with ETS),

HRV analysis is unsuitable because it does not support elucidation of changes in local

autonomic nerve activity in response to stimuli during online surgical operations and

treatment. Patients with Parkinson’s disease or Parkinsonism are also often elderly

and may have arrhythmia, which precludes the application of HRV analysis due to the

associated limitations such as arrhythmias. It is also difficult to evaluate acute pain

during surgery and treatment because HRV analysis results cannot be provided imme-

diately due to the delay associated with the window determined by the low-frequency

band (i.e., 0.04 – 0.4 Hz) used to evaluate autonomic nerve activity.

Meanwhile, it is well known that peripheral arteries including in arterioles are reg-

ulated by the sympathetic nervous system, and acutely show responses such as con-

traction and relaxation of arteries associated with disturbance [20]. To support the

evaluation of autonomic nerve activity with focus on changes in peripheral arterial

condition, Korhonen et al. reported that photoplethysmogram (PPG) amplitude is re-

duced when the subject experiences pain [21]. However, Nakamura et al. reported that

this amplitude may be unsuitable for the evaluation of autonomic nerve activity when

blood pressure changes in the absence of autonomic nerve activation because photo-

plethysmograms are affected by such change [22]. Sakane et al. proposed a method

for estimating the dynamic characteristics of peripheral arterial walls, which depend

on linear stiffness, viscosity, inertia and other aspects of mechanical impedance [23].

Figure 1.1 shows an overview of the peripheral arterial dynamics characteristics pro-

posed by Sakane et al [23]. To support the monitoring of sympathetic nerve activity



6 Chapter 1. Introduction

during ETS, Sakane et al. expressed the impedance characteristics of arterioles and

other parts of the peripheral vascular system as well as arteries from the fingertip to

the wrist with photoplethysmograms and radial arterial pressure:

dPb(t) = M̃dP̈l(t) + B̃dṖl(t) + K̃dPl(t). (1.1)

Here, dPb(t) = Pb(t)− Pb(t0), dPl(t) = Pl(t)− Pl(t0), dṖl(t) = Ṗl(t)− Ṗl(t0), dP̈l(t) =

P̈l(t) − P̈l(t0); Pb(t), Pl(t), Ṗl(t) and P̈l(t) are arterial pressure, the photoplethysmo-

gram, the photoplethysmogram rate, and photoplethysmogram acceleration, respec-

tively. t0 is the time relative to the phase (e.g., R-wave timing) at any time in the

cardiac cycle. M̃ , B̃ and K̃ represent the inertia, viscosity and stiffness of the arterial

wall, respectively. Sakane et al. showed that the stiffness parameter K̃ reflects changes

in sympathetic nerve activity during ETS, and proposed the stiffness parameter K̃ as

an index for monitoring sympathetic nerve activity during ETS. The relationship be-

tween blood pressure and arterial diameter in the aorta of Sakane’s model is assumed

to be linear. However, other researchers have experimentally established that this rela-

tionship has a nonlinear characteristic [24–26]. As a result, the stiffness parameter K̃

of Sakane’s model changes due to sympathetic nerve activity and other events such as

increased stroke volume that are not associated with such activity. The model there-

fore needs to be improved for monitoring of sympathetic nerve activity without effects

from arterial pressure change.

A number of research groups have proposed evaluation methods involving image

inspection for diagnosis of abnormalities in autonomic nervous function. By way of

example, Satoh et al. evaluated cardiac sympathetic nervous function using 123I-MIBG

(123Iodine meta-iodobenzylguanidine) myocardial scintigraphy as a way of discriminat-

ing Parkinson’s disease from Parkinsonism [27]. Intravenous delivery of concentrated

MIBG to myocardial sympathetic nerve endings can be visualized with a conventional
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Fig. 1.1: Arterial wall impedance model

gamma camera within 15 minutes of injection, and images of the thorax can be ac-

quired within 4 hours. Cardiac sympathetic nervous function is subsequently assessed

in consideration of the ratio of concentrated MIBG in the mediastinum to that in the

heart (a metric known as the heart-to-mediastinum (H/M) ratio). The concentration

of MIBG here is calculated from the average count of Γ rays per pixel in the regions

of interests. The early H/M ratio is measured 15 minutes after MIBG injection, and

the late ratio is measured after 4 hours. However, 123I-MIBG myocardial scintigraphy

examination involves a high level of risk due to its invasive nature and the need for ra-

dioactive medication, which subjects patients to internal exposure. The establishment

of a novel and safe examination to allow evaluation of autonomic nervous function in

patients with Parkinson’s disease and Parkinsonism is therefore needed.

Several approaches are conventionally taken for quantitative evaluation of pain. By

way of example, a visual analogue scale (VAS; a common pain intensity metric based

on a 100-mm graduated line marked “No pain” on the far left end and “Worst pain

imaginable” on the far right) involves measurement of the length from the no-pain point

to the point indicated by the patient to represent subjective pain intensity. A numeric

rating scale (NRS; another common pain intensity metric scored on an 11-point range
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with 0 representing no pain and 10 as the worst pain imaginable) involves the use of

numeric values to represent pain intensity [28–30]. Shimazu et al. also proposed the

Pain Vision method for quantitative evaluation of pain [31]. This approach involves

the use of a perceptible stimulus current followed by an initial painful stimulus cur-

rent. However, these methods are not based on autonomic nerve activity and involve

subjective evaluation by the patient. This makes them unsuitable for patients under

general anesthesia or those with impaired cognitive function.

1.3 Dissertation Purpose and Outline

Based on the above, evaluation of autonomic nerve activity and autonomic nervous

function on the peripheral side can be expected to support evaluation of patient well-

being and symptoms. It is also useful in a wide range of applications, including surgical

operation assistance, diagnosis support and healthcare. Against such a background,

this paper proposes a novel peripheral artery dynamic model that enables estimation

of changes in peripheral arterial dynamic characteristics for the evaluation of local au-

tonomic nerve activity. Existing methods of peripheral artery evaluation depend on

factors unrelated to sympathetic nerve activity, such as elevations in blood pressure

associated with increased stroke volume. Thus, quantitative determination of periph-

eral artery mechanical characteristics for the evaluation of sympathetic nerve function

requires: (i) evaluation to determine the mechanical characteristics of the peripheral

arterial wall based on mechanical impedance parameters such as stiffness, viscosity,

and inertia; (ii) evaluation of the stiffness parameter, which is considered to influence

factors other than sympathetic nerve activity such as the nonlinearity between intravas-

cular pressure and arterial diameter; and (iii) expression of distinctive information on

peripheral arteries, i.e., data indicating the effects of veins and accumulation in arte-
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rioles. The paper describes a novel mechanical peripheral arterial wall model designed

in consideration of the above three conditions, and proposes indices for monitoring of

autonomic nerve activity and autonomic nervous function. The proposed indices can

be applied to autonomic nerve activity monitoring during surgical operations, support

for differential diagnosis between Parkinson’s disease and Parkinsonism, and quantita-

tive/objective evaluation of pain.

The paper is organized as follows: Chapter 2 describes a novel technique for es-

timating the dynamic characteristics of peripheral arterial walls for the evaluation of

local autonomic nerve activity at the peripheral side. The proposed model can be used

to estimate robust arterial viscoelastic characteristics against blood pressure variations

unassociated with autonomic nerve activity and to accurately determine activation of

the autonomic nervous system at the peripheral side because the nonlinearity between

blood pressure and arterial diameter is considered. In the experiments described here,

biological signals of patients under general anesthesia were monitored during surgical

operations. The first experiment, in which the subjects lay on a bed that was rolled

left and right, showed that the proposed arterial viscoelastic indices do not fluctuate

with blood pressure variations unassociated with autonomic nerve activity. The second

experiment on ETS, which involved direct stimulation of sympathetic nerves, indicated

that the arterial viscoelastic indices calculated from the proposed model support mon-

itoring of the autonomic nervous system at the peripheral side.

Chapter 3 describes a diagnosis support method for Parkinson’s disease, which is as-

sociated with autonomic nervous function abnormality. The condition has symptoms

similar to those of Parkinsonism, but the huge difference in treatment methods for

each disease makes it necessary to discriminate between them. The proposed diagnosis

support method involves the extraction of feature values based on changes in arterial
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viscoelastic characteristics and in the amplitude of photoplethysmograms associated

with head-up tilting, and can be used to diagnose normality/abnormality of autonomic

nervous function based on disease abnormality markers calculated from a probability

neural network. In the experiment described here, the proposed system was applied to

head-up tilt testing for patients with Parkinson’s disease and Parkinsonism, and was

used to make differential diagnosis between the two conditions. The system can also be

used to evaluate the autonomic nervous function of patients with Parkinson’s disease

before and after phototherapy in order to determine therapeutic effects on autonomic

nervous function.

Chapter 4 describes a new system that can be used to quantitatively and objec-

tively evaluate human subjective pain intensity. In light of the difficulty of expressing

the sensation of pain to those not experiencing it, the system enables quantitative and

objective evaluation of pain based on vasoconstriction responses associated with acti-

vation of the sympathetic nervous system when pain is felt. This evaluation involves

conversion of the peripheral arterial viscoelastic indices detailed in Chapter 2 into sub-

jective pain intensity indicators based on NRS. In the experiment described here, the

system was used to measure degrees of pain associated with gradually increasing elec-

trical stimuli. The results indicated that the proposed system can be used to evaluate

human pain quantitatively and objectively.

Finally, Chapter 5 concludes the dissertation and outlines a number of future chal-

lenges and further work.



Chapter 2

A Log-linearized Peripheral
Arterial Viscoelastic Index and Its
Application to Endoscopic Thoracic
Sympathectomy

2.1 Introduction

This chapter proposes a dynamic model of the peripheral arterial wall. The model

allows consideration of the effects of blood pressure changes based on the concept of

mechanical impedance and the relationship of nonlinearity between peripheral vascular

diameter and intravascular pressure. The results enable evaluation of sympathetic

nerve activity around the peripheral part (referred to here simply as the sympathetic

nerve). First, verification of the proposed model’s validity is described. It was found

that the dynamic characteristics of the peripheral artery as calculated using the model

do not depend on blood pressure variations. Next, the chapter reports the results of

evaluation to determine sympathetic nerve activity in the peripheral part using the

proposed model with endoscopic thoracic sympathectomy.

11
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2.2 A Log-linearized Peripheral Arterial Viscoelas-

tic Index

2.2.1 Mechanical Model of a Peripheral Artery

Figure 2.1 shows the proposed mechanical impedance model of the peripheral arte-

rial wall. Here, the wall’s characteristics in an arbitrary radial direction are considered,

and are shown from changes in force and arterial diameter as follows:

F (t) = Fµ(t) + Fη(t) + Fβ(t)

≈ µ̃r̈(t) + η̃ṙ(t) + F̃β̃(r(t)). (2.1)

Here, F (t) is the normal force acting on the arterial wall at the arbitrary time t;

Fµ(t), Fη(t) and Fβ(t) are the forces originating from inertia, viscosity and stiffness,

respectively; and µ̃ and η̃ are the arterial wall inertia and viscosity, respectively. r(t),

ṙ(t) and r̈(t) represent the arterial diameter, the rate of change in arterial diameter and

the acceleration of change in arterial diameter, respectively. Taking into account the

nonlinearity between intravascular pressure and arterial diameter, the force originating

from arterial wall stiffness is expressed as F̃β̃(r(t)).

The relationship between blood pressure (BP) and arterial diameter has been

extensively investigated in previous experiments [24–26]. For example, Nagasawa et al.

measured canine intravascular pressure and arterial outside diameter with a femoral

artery on an in vitro basis to support examination of the artery’s mechanical properties

[26]. The results indicated that the canine femoral artery exhibits distensibility in the

range of 60 – 180 mmHg. It was also found that the relationship of the ratio of logarithm

intravascular pressure to standard pressure and the ratio of arterial outside diameter

to arterial outside diameter with standard intravascular pressure are linear. However,

in a case with low intravascular pressure, it was observed that the artery stiffened
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Fig. 2.1: Mechanical impedance model of a peripheral arterial wall

significantly because the blood vessel diameter variation that accompanies increased

intravascular pressure became very small [25, 26]. Accordingly, it was assumed in this

study that human peripheral arterial characteristics are also nonlinear in the same

way as the canine femoral artery in terms of arterial wall mechanical characteristics.

Here, the logarithm force originating from arterial stiffness in consideration of the many

arterioles in peripheral areas is expressed as follows:

ln{F̃β̃(r(t))} = β̃(r(t)− r0) + Fβ̃0
+ Fβ̃nl

(r(t)). (2.2)

Here, β̃ is the arterial stiffness relating to logarithm force, r(t) − r0 = dr(t) is the

arterial diameter change, r0 is the equilibrium point, and Fβ̃0
is the constant of the

arterial wall. Fβ̃nl
(r(t)) is a force originating from stiffness that cannot be log-linearized

and accrues when intravascular pressure falls below a certain threshold. Equation (2.2)

can be substituted into Equation (2.1) after the exponent is applied on both sides of

Equation (2.2), and arterial impedance properties can be expressed as follows:

F (t) ≈ µ̃r̈(t) + η̃ṙ(t)

+exp
{
β̃dr(t) + Fβ̃0

+ Fβ̃nl
(r(t))

}
.

(2.3)

To enable estimation for the impedance parameters of the arterial wall included in
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Equation (2.3), the force exerted along the normal direction of the artery F (t) and

the variation of the arterial diameter dr(t) need to be measured. Here, for simplifica-

tion and to support estimation of arterial wall nonlinear impedance parameters, it is

assumed that blood pressure Pb(t) is proportional to force F (t):

Pb(t) = F (t). (2.4)

Meanwhile, as it is difficult to measure vessel diameter changes dr(t) directly in vivo, it

is assumed that such changes can be approximated using photoplethysmograms (PPGs)

measured with a pulse oximeter. PPGs are biological waves whose evaluation is based

on the amount of light transmitted through the relatively thin skin on body parts

such as fingertips and earlobes. The “photo” part of the name reflects that a pulse

oximeter can be used to measure changes in light transmission on the side where the

light is applied, which remains constant. PPGs are therefore considered to vary with

arterial diameter in the direction of light transmission [32, 33], and the relationship is

approximated as follows (see Appendix A):

Pl(t) = kpdr(t) + Pl0 . (2.5)

Here, Pl(t) is the photoplethysmogram, kp is a constant of proportion, and Pl0 is an

offset constant. Equation (2.3) can be expressed using Equations (2.4) and (2.5) as

follows:

Pb(t) = µP̈l(t) + ηṖl(t)

+exp
{
βPl(t) + Pbβ0

+ Pbβnl
(Pl(t))

}
.

(2.6)

Here,

µ =
µ̃

kp ,
η =

η̃

kp ,
β =

β̃

kp ,
Pbβ0

= Fβ̃0
− β̃Pl0

kp ,
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and

Pbβnl
(Pl(t)) = Fβ̃nl

(r(t))

represents blood pressure, which cannot be log-linearized and accrues when intravas-

cular pressure decreases. Here, µ, η and β are the inertia, viscosity and stiffness of

the arterial wall, respectively. Equation (2.6) represents the log-linearized peripheral

arterial viscoelastic model, which can be used to express peripheral arterial dynamic

characteristics based on the mechanical impedance parameters of inertia µ, viscosity η

and stiffness β.

2.2.2 Algorithm for Estimation of Peripheral Arterial Vis-
coelastic Indices

The method used to estimate the impedance parameters of inertia µ, viscosity η

and stiffness β in 2.2.1 is outlined here. It is difficult to estimate all three parameters

at the same time due to the characteristic of Pbβnl
(Pl(t)), which cannot be used to

express linearity even if it is taken for the logarithm in the element of blood pressure

originating with arterial wall stiffness (i.e., the stiffness blood pressure element) in

Equation (2.6). Accordingly, parameter estimation is performed in two stages. The

procedure for estimating the impedance parameters is described below.

Estimation Method for Inertia Parameter µ and Viscosity Parameter η

The stiffness blood pressure element of Equation (2.6) is approximated in a linear

approximate equation using Maclaurin series expansion on the presumption that the

higher-order term exceeding the second-order term is sufficiently small as follows:

exp
{
βPl(t) + Pbβ0

+ Pbβnl
(Pl(t))

}
≈ exp

{
Pbβ0

+ Pbβnl
(0)

}
+ βAPl(t). (2.7)
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Here,

βA = C1exp
{
Pbβ0

+ Pbβnl
(0)

}
,

C1 = β +
dPbβnl

(Pl(t))

dPl(t)

∣∣∣∣
Pl(t)=0 .

Equation (2.6) is therefore approximated as follows:

Pb(t) ≈ µP̈l(t) + ηṖl(t)

+exp
{
Pbβ0

+ Pbβnl
(0)

}
+ βAPl(t). (2.8)

Here, time t0 is defined as an arbitrary reference time of the cardiac cycle, such as R

wave timing. The dynamic characteristic of the artery at the arbitrary time t can be

expressed using Equation (2.8) as follows:

dPb(t) = µdP̈l(t) + ηdṖl(t) + βAdPl(t). (2.9)

Here dPb(t) = Pb(t)−Pb(t0), dP̈l(t) = P̈l(t)−P̈l(t0), dṖl(t) = Ṗl(t)−Ṗl(t0), and dPl(t) =

Pl(t) − Pl(t0). µ, η and βA are estimated using the least-squares method for each

heartbeat using Equation (2.9). βA is an approximation of the stiffness characteristic.

Estimation Method for the Stiffness Parameter β

Substituting µ and η, which are estimated using Equation (2.9), into Equation (2.6)

yields an equation that can be used to separate the stiffness blood pressure element

from other elements as follows:

exp
{
βPl(t) + Pbβ0

+ Pbβnl
(Pl(t))

}
= Pb(t)− µP̈l(t)− ηṖl(t). (2.10)

Here, taking the exponent on both sides of Equation (2.10), the following is obtained:

βPl(t) + Pbβ0
+ Pbβnl

(Pl(t))

= ln
{
Pb(t)− µP̈l(t)− ηṖl(t)

}
.

(2.11)
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Accordingly, the dynamic characteristic of the log-linearized stiffness blood pressure

element at the arbitrary time t can be expressed as follows using each variation of Pb(t)

and Pl(t) at the arbitrary reference time of the cardiac cycle t0 as well as Equation

(2.9):

βdPl(t) + Pbβnl
(Pl(t))− Pbβnl

(Pl(t0))

= ln

{
Pb(t)− µP̈l(t)− ηṖl(t)

Pb(t0)− µP̈l(t0)− ηṖl(t0)

}
.

(2.12)

Here t0 is the same as the reference time used to estimate µ, η and βA.

Estimation of the stiffness parameter β is limited to the area where the relation-

ship between the log-linearized stiffness blood pressure element and arterial diameter

based on Equation (2.12) is linear: Pbβnl
(Pl(t)) = Pbβnl

(Pl(t0)). When the arte-

rial pressure Pb(t) falls below the level TH and the artery is significantly stiff, the

above condition is not fulfilled. The stiffness parameter β is therefore estimated un-

der the area Pb(t) > TH. Here, Equation (2.12) is approximated as follows because

Pbβnl
(Pl(t))− Pbβnl

(Pl(t0)) is equal to 0.

βdPl(t)
∣∣
Pb(t)>TH

= ln

{
Pb(t)− µP̈l(t)− ηṖl(t)

Pb(t0)− µP̈l(t0)− ηṖl(t0)

} ∣∣∣∣∣
Pb(t)>TH .

(2.13)

Stiffness β is estimated for each heartbeat using the least-squares method in Equation

(2.13) as well as Equation (2.8).

For the above, the impedance parameters of inertia µ, viscosity η and stiffness β

for the arterial wall are estimated using the two-stage method outlined in 2.2.2. In this

paper, the stiffness parameter β is proposed as a monitoring index value for peripheral

vascular conditions.
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2.3 Experiments

First, in order to assess the legitimacy of the proposed model and the proposed

impedance estimation algorithm (collectively referred to here as “the proposed method”)

and determine the index’s capacity to reduce the effects of factors causing arterial wall

stiffness changes other than sympathetic nervous activity, a supine body roll test [34]

was conducted with the subject under general anesthesia. Essentially, to verify the

validity of the method proposed in Section 2.2, its approximate accuracy needs to be

evaluated using an extracted artery. However, in this study, a minimally invasive pro-

cedure for evaluation of the arterial characteristics of a subject was adopted. To verify

the usefulness of the proposed method, the first experiment was performed to evaluate

impedance parameter changes observed when peripheral blood pressure is forcibly var-

ied during the supine body roll test under general anesthesia. In addition, to evaluate

changes in impedance parameters during ETS [4] using the proposed method, a second

experiment was performed to measure biological signals and determine the proposed

indices.

Figure 2.2 shows the experimental apparatus used for the supine body roll test and

ETS. During the experiments, biomedical electrocardiograms (ECGs), invasive radial

arterial blood pressure values and PPGs of the thumb were simultaneously measured at

125 Hz using a bedside monitor (BSS-9800, Nihon Kohden Corp., Tokyo, Japan) and

computerized via Transmission Control Protocol (TCP). Figure 2.3 shows measured

ECGs, BP values and PPGs. The proposed indices were estimated using measured

biological signals. As these signals were affected by various artifacts such as light and

mechanical stimulation of the patient’s hand, they were preprocessed using digital fil-

ters. The ECGs were filtered using a second-order IIR band-pass filter (14 – 28 Hz),

and the BP values and PPGs were filtered using a second-order IIR band-pass filter
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(Electrocardiogram)

(Invasive Blood Pressure)
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Patient

(a)

(b)

ECG

IBP

PPG

Fig. 2.2: Experimental set-up: (a) experimental instruments: (b) measurement of invasive
blood pressure with a catheter from the radius artery at the wrist, and measurement of
photoplethysmograms with a pulse oximeter from the thumb

(0.3 – 10 Hz). Parameters with coefficients of determination of 0.95 or more between

the measured and presumed blood pressures were used to assess patient conditions.

Outliers caused by disturbances such as external light and vibration applied to the

patient’s hands were also excluded before calculation of the proposed index. Here, the

threshold level of Equation (2.13) is defined as the mean blood pressure (MBP) for

each heartbeat, and is updated after each heartbeat.

In line with the Declaration of Helsinki, informed consent was secured from all study

subjects before the experiments were performed, and the approval of the Hiroshima

University Ethics Committee was also obtained.
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Fig. 2.3: Example of measured biological signals: ECGs, BP values and PPGs

2.3.1 Supine Body Roll Test

This experiment was conducted to measure BP values and PPGs associated with

intravascular pressure variations resulting from changes in the target part’s position

[34], with the fingertip being moved up and down on the basis of the heart’s height.

For six patients, invasive radial arterial pressure values and photoplethysmograms of

the left thumb were simultaneously measured during the supine body roll test. The

patients under general anesthesia were laid supine on an operating table, which was

then inclined to the left by 10 – 15 degrees and tilted twice alternately (Figure 2.4).

The test was performed on patients under general anesthesia and before operation

because the effects of vasoconstriction resulting from mental stress can also have some

influence. The experiment verified two points in particular, as outlined below.
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Fig. 2.4: Supine body roll test

Validity of the Proposed Method

The proposed method’s validity was verified on the basis of the following two points

using biological signals measured with the subjects at rest before the supine body roll

test: (i) the proposed model can be used to express the mechanical properties of the

peripheral vascular system with stiffness, viscosity and inertia; (ii) the proposed method

can be used to estimate the stiffness parameter in the area where the relationship

between the log-linearized stiffness blood pressure element and the arterial diameter is

linear.

In (i), blood pressure elements were first classified as follows: (a) measured BP;

(b) blood pressure element originating from arterial wall viscosity (referred to as the

viscosity blood pressure element) subtracted from measured BP; and (c) blood pressure

element originating from arterial wall inertia (referred to as the inertia blood pressure

element) and the viscosity blood pressure element subtracted from measured BP. Next,

the area of the Lissajous curve drawn from the PPG and (a), (b) and (c) was calculated,

and the reduced ratios between (a) and (b) and between (b) and (c) were compared after

the measured BP was normalized. The results showed the mean ± standard deviation.
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Welch’s t-test was used to determine the significance of the differences between (a)

and (b) and between (b) and (c) after the application of Bonferroni correction, and

differences were considered to be significant when results showing p < 0.05 were seen.

In (ii), verification was performed to determine whether the quality and integrity of

the proposed method remained if indices varied with arm position changes; that is, the

aim was to establish whether the Lissajous curve between the log-linearized stiffness

blood pressure element and PPG produces a small area and is nearly linear in parts

with more than the threshold TH.

Effectiveness of the Proposed Method

To support discussion of the reduced state of the proposed method for the influ-

ence of stiffness changes caused by the absence of sympathetic nerve activity, stiffness

estimated with the proposed method [23] was compared to that estimated with the

conventional method shown in Equation (1.1). Variations in both stiffness parameters

β and K̃ were normalized by the average of 30 sec at rest, and those in the normalized

parameters were compared with data from 20 sec in the down and up directions, re-

spectively. Statistical analysis was performed using Welch’s two-tailed t-test, and the

level of significance was set at p < 0.05.

2.3.2 Endoscopic Thoracic Sympathectomy

ETS is an operation performed under anesthesia for patients with hyperhidrosis [4].

The sympathetic trunk is a thin, white sinewy bundle of nerve fibers running along

the spine of the thorax. It stimulates arterial contraction and sweat generation on the

palms and in the armpits [35]. In ETS, the sympathetic trunk is blocked with a clip to

control sweating [4]．The proposed method was applied to support sympathetic nerve

activity evaluation using biological signals measured during the T3 level of ETS on the



2.4 Results 23

right and left parts of the thorax for 15 patients (5 males and 10 females; mean age ±

S.D.: 23.7 ± 9.0 yrs). BP values were measured with an arterial line inserted from the

right radial artery, and PPGs were measured from the thumb of the right hand.

The sympathetic nervous condition at the measurement site changed from moment

to moment depending on the surgical situation. First, ETS was performed to clip the

right thoracic sympathetic trunk [36]. At this point, the stiffness parameter β in the

vicinity of the measurement area (the right hand) rose with neural stimulus in line with

sympathetic nerve search, and the stiffness parameter β attenuated after the nerve was

clipped because stimulation was cut off. Next, the sympathetic trunk on the left side

was clipped; that on the right had been already clipped at this point. When clipping

of the sympathetic trunk on the right side is successful, the stiffness parameter β is not

expected to change because stimuli do not propagate from left to right. To check such

changes of the stiffness parameter β in association with operation events, the value was

normalized using the corresponding mean of values measured with the patient at rest,

and focus was placed on a normalized stiffness β of 20 seconds as follows:

• rt-con: 400 seconds before the beginning of search of the right thoracic sympa-

thetic trunk for blocking

• rt-stim: 200 seconds before blocking of the right thoracic sympathetic trunk

• rt-post: 200 seconds after blocking of the right thoracic sympathetic trunk

Welch’s t-test was used to determine the significance of differences between the stiffness

parameter β of rt-con and that of rt-stim and between that of rt-stim and that of rt-post

after the application of Bonferroni correction for each β, and differences were considered

significant when results showing p < 0.05 were seen. The stiffness parameter β was

also compared with the stiffness parameter K̃ for each event.
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2.4 Results

2.4.1 Supine Body Roll Test

Figure 2.5 shows an example of the Lissajous curves obtained from Patient A.

The horizontal axis represents the photoplethysmogram Pl(t). The vertical axis of (a)

represents blood pressure, that of (b) represents the viscosity blood pressure element

subtracted from measured BP, and that of (c) represents the viscosity and inertia blood

pressure elements subtracted from measured BP. Figure 2.6 shows the average of the

normalized Lissajous curve area after each patient had rested for 20 beats. Figures 2.6
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(a), (b) and (c) correspond to Figs. 2.5 (a), (b) and (c). Here, the areas of the Lissajous

curves in Figs. 2.6 (a), (b) and (c) are 1, 0.097± 0.044 and 0.024± 0.021, respectively.

It can be concluded that the blood pressure element eliminated from viscosity blood

pressure and inertia blood pressure significantly decreased after elimination ((a) vs.

(b): p = 5.913× 10−8; (b) vs. (c): p = 1.601× 10−2).

Figure 2.7 shows an example of the Lissajous curve for the photoplethysmogram

Pl(t) and a log-linearized stiffness blood pressure element (broken line), and for the pho-

toplethysmogram Pl(t) and a stiffness blood pressure element based on the proposed

method (solid line). In Figure 2.7, the broken line corresponds relatively closely to

the solid line, and is linear in the area where the log-linearized stiffness blood pressure

element was higher than or equal to the threshold TH. However, the broken line curves

and differs significantly from the solid line in the area where the log-linearized stiffness

blood pressure element was lower than or equal to the threshold TH. The difference be-

tween the two lines corresponds to the nonlinear characteristic Pbβnl
(Pl(t)) of Equation

(2.6). The mean square errors between the broken and solid lines for the same beats

are shown in Figure 2.6. Figure 2.8 shows the mean square errors between the lines for

the average of all patients in the area where the log-linearized stiffness blood pressure
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element was higher than or equal to and lower than the threshold TH, respectively.

The mean square error was 6.07× 10−2 ± 2.91× 10−2 and 1.13× 10−2 ± 0.69× 10−2 in

the area where the log-linearized stiffness blood pressure element was higher than or

equal to the threshold TH and less than the threshold TH, respectively, indicating a

significant difference between the two areas (p = 7.88× 10−3).

Figure 2.9 shows the measured and estimated data from the supine body roll test

for Patient A. The figure plots the left arm position with the inclination of the operat-

ing table, mean blood pressure (MBP ), pulse pressure (PP ), PPG amplitude (which

is the difference between the maximum Pl(t) and minimum Pl(t) per beat (PPGa)),

the proposed stiffness parameter β and the conventional stiffness parameter K̃. Figure

2.9 indicates a significant response of MBP and PPGa to the changing inclination

of the operating table. Meanwhile, PP was stable in comparison to the variation

of MBP . Correspondingly, the proposed stiffness parameter β was approximately

constant, whereas the conventional stiffness parameter K̃ changed significantly with

body rotation. Figure 2.10 shows the normalized stiffness parameters β and K̃ with

the patient at rest in the down and up positions. The stiffness parameters β and K̃

were 1.055 ± 0.023 and 1.240 ± 0.041 in the down position, and 0.960 ± 0.030 and
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Fig. 2.9: Measured biological signals and estimated results for the stiffness parameters of
the peripheral arterial wall during the supine body roll test (Patient A)

0.753 ± 0.035 in the up position, respectively. These results indicate a significant dif-

ference between the two values in the down and up positions (down: p = 1.187× 10−5;

up: p = 8.975× 10−7).

2.4.2 Endoscopic Thoracic Sympathectomy

Figure 2.11 shows typical ETS data retrieved from Patient G. The figure plots mean
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blood pressure (MBP ), pulse pressure (PP ), PPG amplitude (PPGa), the proposed

stiffness parameter β and the conventional stiffness parameter K̃ [23]. The light shaded

area corresponds to the period during stimulation applied to locate the right thoracic

sympathetic nerve, and the dark shaded area corresponds to the period during that for

the left one.

Figure 2.12 shows averages of the proposed stiffness parameter β and the conven-

tional stiffness parameter K̃ for rt-con, rt-stim and rt-post. The stiffness parameter β

was 1.028 ± 0.028, 7.000 ± 2.785 and 1.173 ± 0.0.157 in the order of rt-con, rt-stim

and rt-post, and the stiffness parameter K̃ was 1.035 ± 0.072, 8.001 ± 3.235 and 1.233

± 0.276 in the same order. These results indicate a significant difference between rt-

con and rt-stim for the stiffness parameters β and K̃, and between rt-stim and rt-post

(p < 0.001).

It is also seen that clipping of the right thoracic sympathetic trunk succeeded when

PPGa was stable or increased regardless of the rise in MBP seen during blocking of

the left thoracic sympathetic nerve. The stiffness parameter β for lt-con (lt-con: 200

seconds before the beginning of stimulation applied to locate the left thoracic sympa-

thetic trunk for blocking) and lt-stim (lt-stim: 200 seconds before the blocking of the
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Fig. 2.11: Measured biosignals and estimated results for the stiffness parameters of the
peripheral arterial wall in endoscopic thoracic sympathectomy (Patient A): (i) rt-con, (ii)
rt-stim, (iii) rt-post and lt-con and (iv) lt-stim

left thoracic sympathetic trunk) were then compared with the stiffness parameter K̃ of

four patients for whom clipping of the right thoracic sympathetic trunk was considered

successful. Figure 2.13 shows that the proposed stiffness parameter β for lt-con was

1.266 ± 0.183, while that for lt-stim was 1.413 ± 0.313. In addition, the conventional

stiffness parameter K̃ for lt-con was 1.355 ± 0.368, while that for lt-stim was 1.989 ±

0.444. Here, it should be noted that blood pressure variations in some patients were
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Fig. 2.12: Comparison of normalized stiffness parameters observed in endoscopic thoracic
sympathectomy

Table 2.1: T-test of normalized stiffness parameters observed during endoscopic thoracic
sympathectomy

p-value
Comparison

Target Groups

β
rt-con rt-stim

rt-postrt-stim

rt-con rt-stim

rt-postrt-stim
K
~

p < 0.001

p < 0.001

p < 0.001

p < 0.001

vs.

vs.

vs.

vs.

p-value
Comparison

Target Groups

βrt-con

rt-stim

rt-post

K
~

N. S.

N. S.

vs.

β K
~

vs.

β K
~

vs.

N. S.

N. S.: Not significant

not associated with blocking of the left thoracic sympathetic trunk because the effects

of anesthesia vary by individual. The results and Table 2.2 indicate a significant dif-

ference between the conventional stiffness parameter K̃ for lt-con and that for lt-stim,

and between the conventional stiffness parameter β and K̃ for lt-stim (p < 0.05).



2.5 Discussion 31

st
if

fn
es

s 
p

ar
am

et
er

s
N

o
rm

al
iz

ed

0

Proposed stiffness

Conventional stiffness K

β
~

N. S.

N. S. *

*

2

3

1

lt-stimlt-con

*

N. S.

:  p < 0.05

:  Not significant

Fig. 2.13: Comparison of normalized stiffness parameters observed before and during left-
side endoscopic thoracic sympathectomy

Table 2.2: T-test of normalized stiffness parameters observed before and during left-side
endoscopic thoracic sympathectomy

p-value
Comparison

Target Groups

β lt-con lt-stim

lt-con lt-stimK
~

p < 0.05

vs.

vs.

p-value
Comparison

Target Groups

βlt-con

lt-stim

K
~

N. S.vs.

β K
~

vs.

N. S.

N. S.: Not significant

p < 0.05

2.5 Discussion

Figures 2.5 and 2.6 indicate that the area of the Lissajous curve between PPG and

the blood pressure element, which was eliminated from the viscosity blood pressure

element and inertia blood pressure element, decreased after elimination. The relation-

ship between PPG and BP shows a hysteresis characteristic because the measured

blood pressure elements were included in the viscosity blood pressure element and the

inertia blood pressure element. The peripheral arterial dynamics were thus expressed
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using inertia as well as stiffness and viscosity.

Figures 2.7 and 2.8 indicate that the log-linearized stiffness blood pressure ele-

ment is characterized by both linearity and nonlinearity. That in the nonlinear area

is smaller than that in the linear area. This indicates that the force applied to the

artery in association with diastolic blood pressure is inertial, and an artery subjected

to this force cannot be treated as a vasodilating entity. For accurate evaluation of

arterial wall stiffness without enucleation of the artery, the stiffness parameter should

therefore be estimated only for the area from which linearity between the PPG and

the log-linearized stiffness blood pressure element is determined.

Figures 2.9 and 2.10 indicate that the ratio of change in the normalized proposed

stiffness parameter β calculated from the proposed model is significantly lower than

that of the normalized conventional stiffness parameter K̃ calculated from the previous

model for the supine body roll test. As the patients in this test were under general

anesthesia, sympathetic vasoconstriction did not occur due to the absence of mental

strain [37, 38]. Application of the proposed method thus reduced vascular stiffness

changes associated with intravascular pressure variations. The contributing factor of

stiffness change without sympathetic nerve activity incorporates vascular diameter reg-

ulatory mechanisms such as myogenic response [39]. In future work, the authors plan

to consider this contributing factor in more detail.

Figure 2.11 indicates that the proposed stiffness parameter β rapidly responded to

stimulation applied to locate the sympathetic nerve between rt-con and rt-stim. This

suggests that the parameter increased because nerve stimulation resulted in peripheral

artery constriction [40]. Additionally, changes in the proposed stiffness parameter β

between rt-stim and rt-post were suppressed after clipping of the right thoracic sym-

pathetic nerve. Thus, the results suggest that the peripheral arteries quickly took on a
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relaxed state in contrast to their previously tense condition. It is notable that the esti-

mated stiffness parameter β did not markedly increase around t = 2,550 seconds during

lt-stim (Fig. 2.11 (iv)), while MBP was seen to increase. At the same time, both the

pulse pressure PP and the PPG amplitude PPGa variation increased. It was there-

fore concluded that ETS on the right side was successful. Figure 2.11 indicates that

the conventional stiffness parameter K̃ (for which the nonlinear relationship between

blood pressure and vessel diameter is not considered) changed during left-side ETS,

while the proposed stiffness parameter β (for which the nonlinear relationship between

intravascular pressure and arterial diameter is considered) did not. This strongly sug-

gests that the proposed stiffness parameter β can be estimated for sympathetic nerve

activity only without the effects of variations in peripheral arterial stiffness dependent

on intravascular pressure.

2.6 Concluding Remarks

This Chapter outlines an arterial mechanics model based on mechanical impedance

in which intra-arterial pressure dependency specific to peripheral arteries is considered,

and proposes a log-linearized peripheral arterial viscoelastic index that can be used

to clarify sympathetic activity. The validity and effectiveness of the proposed index

were considered in two experiments. In the supine body roll test, the validity of the

model and the related estimation method were demonstrated based on Lissajous curves

of blood pressure vs. plethysmograms and the high correlation between estimated

and actual blood pressure values. For changes in arm elevation during peripheral

artery monitoring, the proposed indicator reduced the effects of intra-arterial pressure

better than the conventional model according to comparison of changes in the stiffness

K̃ of the conventional arterial mechanics model and the stiffness β of the proposed
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indicator. In endoscopic thoracic sympathectomy, stiffness β varied in response to

surgical treatment, and acute sympathetic nerve activity was accurately determined.

Further, immediately after the right sympathetic nerve was blocked, no reaction was

observed in stiffness β monitored in the right sympathetic nerve during stimulation of

the left sympathetic nerve, demonstrating that stiffness β can be used to evaluate local

sympathetic nerve activity.



Chapter 3

Diagnosis System for Parkinson’s
Disease Using a Head-up Tilt Test

3.1 Introduction

This chapter outlines a novel peripheral autonomic nervous function-related method

for Parkinson’s disease (PD) diagnosis using a head-up tilt test (HUT) [17] without

reference to electrocardiograms. The technique involves the extraction of eight feature

values from photoplethysmogram (PPG) signals, systolic blood pressure (SBP) and

diastolic blood pressure (DBP) measured every minute during HUT. It enables differ-

ential diagnosis between PD and Parkinsonism (Pism) based on an autonomic nervous

function abnormality marker identified from the learning of biological signal patterns

using the type of neural network (NN) often adopted in pattern classification for bio-

logical signals. This chapter describes the results of differential diagnosis for PD/Pism

based on this marker and outlines the results of verification to determine improvements

in autonomic nervous function between the stages before and after phototherapy [41].

3.2 Diagnosis System for Autonomic Nervous Func-

tion

When a person moves from a recumbent position into a standing position, barore-

35
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Fig. 3.1: Overview of the proposed system

ceptors in the carotid sinus sense a fall in cerebral blood pressure because blood in the

upper body moves to the lower limbs due to the force of gravity. Lower-limb vascular

resistance then increases due to the baroreceptor reflex arc function because the sym-

pathetic nervous system is fully active when autonomic nervous function is normal.

This function causes blood that has descended under the force of gravity to return to

the upper body, thereby maintaining blood pressure and preventing loss of conscious-

ness. Meanwhile, the sympathetic nervous system is not fully active when autonomic

nervous function is abnormal [1]. This condition prevents the increased blood volume

in the lower limbs from returning to the upper body, and especially to the brain, which

may cause orthostatic hypotension. Here, the author proposes a novel method for au-

tonomic nervous function evaluation using biomedical signals during HUT based on

the above biological reaction.

Figure 3.1 shows the proposed examination system. In the experiment performed

for validation, the subject was instructed to assume a supine position at rest on an

electric tilt table at an angle of 0 degrees from the horizontal for at least 10 minutes
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(referred to as the first supine position). The tilt was then changed to 60 degrees, and

the patient was asked to maintain a resting position (referred to as the standing posi-

tion). The tilt was subsequently changed back to 0 degrees, and the patient was asked

to maintain a resting position for at least five minutes (referred to as the second supine

position). In the measurement part of the proposed system, index finger PPGs are

measured using a pulse oximeter (OLV-3100, Nihon Kohden Corp., Tokyo, Japan) and

the slope angles of the tilt table are measured using a potentiometer (WR-7UH, Midori

Precisions, Tokyo, Japan). Both signals are stored at 500 Hz using an analog/digital

converter (CSI-360116, Interface Corp., Hiroshima, Japan). The patient’s SBP and

DBP are also measured every minute using a sphygmomanometer (BP-8800S, Omron

Colin, Tokyo, Japan). All measured data are input to a PC.

In the feature value extraction part, the proposed feature values are calculated from

the measured PPGs and blood pressure (BP) values. If the sympathetic nervous system

is not fully active when the subject is in the standing position, the blood vessels may

not stiffen due to the reduced contractile force of vascular smooth muscle associated

with sympathetic nerve function [1]. The author therefore proposes a method for eval-

uating autonomic nervous function based on calculation of extracted PPG amplitudes

and estimation of arterial wall stiffness among the first supine position, the standing

position and the second supine position. First, feature values were defined based on

the following aspects of the calculated PPG amplitudes: x1: the rate of change in

PPG amplitude between the standing position and the first supine position (standing

position/first supine position); x2: the rate of change in PPG amplitude between the

second supine position and the standing position (second supine position/standing po-

sition); x3: the rate of change in PPG amplitude between the second supine position

and the first supine position (second supine position/first supine position); and x4:
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the slope of the regression line of PPG amplitude recorded while the gradient of the

tilt table was increased. Next, feature values were calculated from changes in arterial

stiffness. The characteristics of peripheral arterial dynamics derived from sympathetic

nerve activity may be presumed to be as follows:

Pb(t) = µP̈l(t) + ηṖl(t)

+exp
{
βPl(t) + Pbβ0

}
(3.1)

Here, Pb(t), Pl(t), Ṗl(t) and P̈l(t) are blood pressure, the arterial diameter, the velocity

of change in arterial diameter, and the acceleration of change in arterial diameter,

respectively, all measured at the arbitrary time t. Pbβ0 is the standard blood pressure.

µ, η and β are the arterial wall’s inertia, viscosity and stiffness, respectively. Here, time

is limited to ts for SBP and td at DBP for each beat for simplification. Ṗl(t) is then

equal to zero because arterial dilation is at both its maximum and minimum during a

beat. In addition, it is assumed that P̈l(t) is negligibly small. Accordingly, Equation

(3.1) can be expressed as follows:

Pb(t) = exp
{
βPl(t) + Pbβ0

}
(t = ts, td) (3.2)

After the logarithm is taken on both sides of Equation (3.2), the stiffness parameter

β is estimated for each heartbeat using the substitution equations of time ts and td.

Definition of the feature values here was based on the following aspects of the calcu-

lated stiffness parameter β: x5: the rate of change in the stiffness parameter β between

the standing position and the first supine position (standing position/first supine po-

sition); x6: the rate of change in the stiffness parameter β between the second supine

position and the standing position (second supine position/standing position); x7: the

rate of change in the stiffness parameter β between the second supine position and the

first supine position (second supine position/first supine position); and x8: the slope of
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the regression line of the stiffness parameter β recorded while the gradient of the tilt

table was increasing. The period for evaluating the first supine position was defined as

the three minutes just before the tilt table started to rise due to the potential for an

increase in the subject’s autonomic nerve activity caused by factors unassociated with

disease (such as sleepiness) after the start of the examination; that for the standing

position was the three minutes immediately after the tilt table finished rising; and that

for the second supine position was the three minutes immediately after the tilt table

became horizontal again. In this way, the time lengths used for analysis were uniform.

In the pattern identification part, pattern classification was conducted using the

extracted evaluation feature values. Linear discriminant analysis and NNs are often

used in pattern identification for biological signals. Previously, Tsuji et al. proposed a

log-linearized Gaussian mixture network (LLGMN) [42] as a feed-forward probabilistic

NN based on the mixture model and the log-linear model of the probability density

function. The proposed system involves the use of the LLGMN for PD diagnostics.

Figure 3.2 shows the network structure of the LLGMN. Here, ⊘ is an identity output

unit. The LLGMN consists of an input layer, a middle layer and an output layer. The

latter incorporates two units that output posteriori probabilities of normal/abnormal

autonomic nervous function classes. The log-linearized Gaussian mixture model is

based on machine learning using teacher signals. Such learning with backpropagation

allows the updating of weight values to minimize Kullback-Leibler information. The

proposed system outputs posteriori probabilities of these classes to the input of signals

using the networks learned based on teacher signals (see Appendix B). The posteriori

probability of abnormal autonomic nervous function, which is referred to as the au-

tonomic nervous function abnormality marker, is proposed as an index for autonomic

nervous function diagnostics.
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Fig. 3.2: Structure of the proposed log-linearized Gaussian mixture network

3.3 Experiments

The subjects were divided into two groups. One consisted of 15 patients with PD

whose autonomic nervous function was abnormal (9 males and 6 females; mean age

± S.D.: 69.4 ± 8.5 yrs; Subjects A – O), and the other consisted of 10 patients with

Parkinsonism whose autonomic nervous function was normal (4 males and 6 females;

mean age ± S.D.: 73.7 ± 3.1 yrs; Subjects P – Y). Diagnostic outcomes in terms of

whether the subjects’ autonomic nervous function was normal were based on results of

123-MIBG myocardial scintigraphy examination. Those with PD whose average gamma

ray count (referred to as the H/M ratio) for both early and late images was between 1.10

and 1.99 were deemed to have abnormal autonomic nervous function, and those with

Pism whose H/M ratios for both images were between 2.00 and 3.30 were deemed to

have normal autonomic nervous function. Subjects suffering from Pism with multiple

system atrophy (MSA) were removed from the analysis pool in this study because MSA

can be identified via magnetic resonance imaging (MRI) of the head [43]. Informed
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consent was obtained from all study subjects before the experiments were performed

based on approval from the Ethics Committee of the National Hospital Organization

Toneyama Hospital (clinical study number: 1015).

3.3.1 Diagnosis of Parkinson’s Disease and Parkinsonism

To investigate accuracy and evaluation capability for PD/Pism diagnosis, the per-

formance of the proposed system was experimentally verified. The average feature

value for subjects in the PD group was compared with that of the proposed indices

for the other group, and the diagnostic accuracy of the analysis results based on the

proposed method was evaluated using receiver operating characteristic (ROC) analy-

sis. The measurement data from five PD patients whose H/M ratios for both the early

and late images were between 1.10 and 1.55. Results from five Pism patients whose

H/M ratios for both the early and late images were between 2.00 and 3.00 were chosen

as LLGMN learning data, and the other subjects’ data were used as test data. The

number of components for the LLGMN was set as 1, and Welch’s t-test was used to

compare values between PD and Pism. Differences were considered significant when p

was smaller than 0.05.

3.3.2 Assessment of Phototherapy Effects

Phototherapy treatment involves bright light irradiation to stimulate dopamine

production, suppress melanin production and improve circadian rhythm [41]. It is

considered to have curative effects for non-motor symptoms of PD. Against such a

background, the experiment described here was performed to verify phototherapy ef-

fects in treatment using the proposed method. Four PD patients (mean age ± S.D.:

70.3 ± 8.6 yrs) receiving phototherapy underwent HUT before and after the treatment.

The learning data specified in 3.3.1 were used for this evaluation.
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3.4 Results

Figures 3.3 (a) and (b) show examples of measured and analysis waves for the bed

slopes, SBPs, DBPs, PPGs, and the stiffness parameter β for all measurement times

from Sub. A with PD and Sub. P with Pism, respectively. The shaded area represents

the period during which the table was tilted. The results indicate that the measured

PPG amplitudes decreased and the measured stiffness parameter β increased with

greater angles of tilt, and that PPG amplitudes increased and the measured stiffness

parameter β decreased with smaller angles of tilt. Here, PPG amplitude progressively

increased soon after the subject left the standing position. First, the stiffness parameter

β of Sub. A temporarily increased soon after the standing position was left. Next, beta

stabilized after progressively decreasing.

Figure 3.4 shows the extracted feature values x1 to x8. No significant differences

were observed between the patients with PD and those with Pism for any of the feature

values ((a): p = 0.78; (b): p = 0.91; (c): p = 0.91; (d): p = 0.75; (e): p = 0.64;

(f): p = 0.92; (g): p = 0.98; (h): p = 0.96). In addition, the area under the curve

(AUC) from the ROC analysis for the learning data described in Chapter 3.3.1 was

calculated with each feature value to verify diagnostic accuracy. The results showed

that individual single feature values cannot be used to accurately differentiate patients

with and without abnormal autonomic nervous function. ((a): AUC = 0.56; (b): AUC

= 0.56; (c): AUC = 0.64; (d): AUC = 0.52; (e): AUC = 0.52; (f): AUC = 0.52; (g):

AUC = 0.60; (h): AUC = 0.56).

Figure 3.5 (a) compares results from autonomic nervous function abnormality

markers between PD and Pism for all patients. The results indicate that autonomic

nervous function abnormality markers differed significantly between patients with PD

and those with Pism (autonomic nervous function abnormality marker for PD: 0.73±
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Fig. 3.3: Example of analysis waves: (a) Subject A (abnormal autonomic nervous function);
(b) Subject P (normal autonomic nervous function)
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Fig. 3.4: Comparison of feature values between the abnormal autonomic nervous function
group and the normal autonomic nervous function group: (a) x1: rate of change in photo-
plethysmogram amplitude (standing position/first supine position); (b) x2: rate of change
in photoplethysmogram amplitude (second supine position/standing position); (c) x3: rate
of change in photoplethysmogram amplitude (second supine position/first supine position);
(d) x4: slope of regression line for photoplethysmogram amplitude as table tilts; (e) x5:
rate of change in stiffness parameter β (standing position/first supine position); (f) x6:
rate of change in stiffness parameter β (second supine position/standing position); (g) x7:
rate of change in stiffness parameter β (second supine position/first supine position); (h)
x8: slope of regression line for stiffness parameter β as table tilts
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Table 3.1: Analysis results: (a) learning data; (b) test data

Abnormal

identification

by LLGMN

Autonomic function

abnormal normal

Positive

Negative 80

80

20

20

Abnormal

identification

by LLGMN

Autonomic function

abnormal normal

Positive

Negative 100

100

0

0

(%) (%)
( a ) ( b )

0.32; for Pism: 0.19 ± 0.30，p < 0.001). Figure 3.5 (a) shows the results of ROC

analysis involving the use of abnormal automatic nervous function markers. The AUC

of the ROC curve from all subjects was 0.83.

Table 3.1 shows the diagnostic results obtained with the proposed method. The

results showed that the sensitivity and specificity of both sets of patients (i.e., those

with abnormal and normal autonomic nervous function) as determined using learning
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Table 3.2: Changes in autonomic nervous function abnormality marker values before and
after phototherapy

Sub. C

Sub. D

Sub. E

Sub. K

Average

Before phototherapy After phototherapy

6.85 10-1

1.50 10-5

9.06 10-1

1.08

0.668 0.473

4.14 10-1

7.45 10-1

9.99 10-1

0.539 0.432

1.26 10-5

Positive probability of  abnormal autonomic function

Subject

6.03 10-1

8.39 10-1

8.22 10-1

9.27 10-1

0.797 0.137

After phototherapy

Before phototherapy

data were 100%. Meanwhile, the sensitivity and specificity of both groups based on test

data were 80%. The results of ROC analysis showed that the value of AUC calculated

from learning data was 1, while that from test data was 0.76.

Table 3.2 shows autonomic nervous function abnormality marker values before and

after phototherapy. The results showed that autonomic nervous function abnormality

markers after phototherapy were lower than those before except for Sub. K (average

marker before phototherapy: 0.798± 0.137; after: 0.539± 0.432). Two of four patients

whose autonomic nervous function markers showed abnormality were diagnosed as

having normal autonomic nervous function after phototherapy based on these markers.

3.5 Discussion

Section 3.4 shows the results of an experiment conducted to verify the proposed

method’s efficacy for diagnosis relating to autonomic nervous function. Figure 3.3 in-

dicates a reduction in the measured PPG amplitude and an increase in the estimated

stiffness parameter β with higher tilt table angles. A normal person’s blood pressure
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will not fall dramatically when a standing state is assumed because peripheral blood

vessels narrow in order to maintain systemic circulation. It is assumed that vasocon-

striction causes vascular volume decrease and artery induration, causing reduced PPG

amplitude and an increase in the stiffness parameter β.

Figure 3.4 and the results of ROC analysis show no significant differences between

the two patient groups for any of the independent indices, and diagnostic accuracy

based on them was not superior. However, the variability of calculated average values

differs between patients with and without abnormal autonomic nervous function for

the variation coefficient of each index in Fig. 3.4. This is because the averages of one

patient group may have been concentrated around a certain value, while those of the

other were not. As a result, there were no significant differences in any feature values

between the two groups, and the AUC of the ROC curve was also low. Accordingly,

patient groups here are defined using a combination of all feature values based on the

LLGMN [42] rather than being based on single feature values or on consideration of

the cohesion or variability of feature values.

Figure 3.5 indicates that there was a significant difference in automatic function

abnormality markers between the two patient groups, and that the AUC of the ROC

curve for all subjects exhibited high accuracy (AUC: 0.827). Additionally, Table 3.1

indicates that the identification rate for learning data was 100%, which is very high

with a combination of all feature values, and that the indication rate for test data was

80%, which is also relatively high. The results also show that the AUC of ROC anal-

ysis using the proposed method with learning data was 1, while that obtained using

test data was 0.76. These values are higher than the 0.52 – 0.64 range obtained with

individual feature values. As a result, it can be concluded that the proposed method

enables successful evaluation of autonomic nervous function for patients with PD and
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Pism. This study involved the use of learning data from 10 patients and test data

from 15 patients. However, it may be challenging to obtain the same above number

ratio of learning and test data in practical application. Here, the priority for diagnostic

accuracy using the LLGMN is not the same number ratio of learning and test data but

whether the LLGMN accurately learns general features of PD and Pism from learning

data. There is a need to maximize the amount of learning data available (e.g., by

adding test data) and to achieve greater accuracy in identification toward practical

application.

As MIBG myocardial scintigraphy examinations are associated with the potential

for radiation exposure, they cannot be performed repeatedly on the same patient due

to the significant burden involved. Against such a background, the proposed method is

intended to enable quantitative assessment for the effects of performing phototherapy

instead of MIBG myocardial scintigraphy. The results shown in Table 3.2 indicate

that at least two out of four patients exhibited improved autonomic nervous function

after phototherapy based on consideration of autonomic nervous function abnormal-

ity markers. Accordingly, it can be concluded that the method supports quantitative

evaluation for phototherapy. However, more data are needed to allow examination of

the method in practical use.

3.6 Concluding Remarks

This Chapter proposes a new method to support the diagnosis of PD, which is

associated with abnormal autonomic function. As PD and Pism have similar symptoms

but different treatment methods, accurate diagnosis is required. The proposed method

can be applied to identify both diseases based on the abstraction of changes in arterial

viscoelastic properties and digital pulse volume determined using HUT (a postural
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change test) as a feature value, and on the judgment of normal/abnormal autonomic

nervous function using a probabilistic neural network. The two conditions cannot not

be differentiated on the basis of individual feature values alone, but autonomic function

was precisely evaluated with the proposed method. The conditions were differentiated

based on learning with an NN combination of all indicators rather than individual

feature values. In addition, the feasibility of quantitative evaluation to determine the

effects of light therapy using the proposed method for patients undergoing autonomic

function treatment was demonstrated even in cases without 123I-MIBG myocardial

scintigraphy testing.





Chapter 4

Objective Assessment of Pain
During Electrocutaneous
Stimulation Based on a Peripheral
Arterial Viscoelastic Index

4.1 Introduction

Pain intensity is associated with sympathetic nerve activity, which in turn is related

to the characteristics of peripheral arterial dynamics. These relationships offer poten-

tial for the monitoring of analgesic effects during surgical operations and treatment

based on real-time measurement of changes in the characteristics of arterial dynamics

related to sympathetic nerve activity. This chapter proposes a novel technique for the

objective assessment of pain intensity based on changes in peripheral arterial stiffness

β that result from peripheral sympathetic nerve activity. Stiffness β is calculated from

continuous arterial pressure and photoplethysmograms on a beat-by-beat basis using

a log-linearized peripheral arterial model that incorporates consideration of the non-

linear relationship between photoplethysmograms and arterial pressure. The chapter

also discusses order effects associated with electrostimulation and describes the results

of analysis performed to elucidate the relationships between electrostimulation and

51



52 Chapter 4. Objective Assessment of Pain During Electrocutaneous Stimulation Based on a Peripheral Arterial Viscoelastic Index

pain/subjective pain intensity, between subjective pain intensity and changes in the

stiffness parameter β, and between changes in this parameter and electrostimulation

causing pain.

4.2 Quantification of Sympathetic Nerve Activity

4.2.1 Relationship Between Pain and Sympathetic Nerve Ac-
tivity

There is a strong connection between pain and sympathetic nerve activity [1]. Stim-

ulus information is transformed into bioelectric signals through nociceptors when nox-

ious stimuli are applied. These signals are propagated to the cerebral cortex via the

spinal cord, medulla oblongata, and thalamus, causing the person to perceive pain.

At the same time, the sympathetic nervous system is activated by the propagated

bioelectric signals, and this causes blood vessels to constrict [1]. Clarification of the re-

lationship between pain sensation and sympathetic nerve activity thus makes it possible

to objectively assess pain intensity by measuring sympathetic nerve activity.

4.2.2 Estimation Method for Sympathetic Nerve Activity

Sakane et al. modeled the dynamic characteristics of the peripheral arterial wall

using a linear mechanical arterial impedance model based on measured photoplethys-

mograms (PPGs) and blood-pressure variations. The same authors also proposed a

method for estimating peripheral sympathetic nerve activity using the arterial impedance

model [23]. Additionally, Kohno et al. estimated pain intensity using the arterial

impedance model and analyzed the relationship between pain intensity and the dy-

namic characteristics of the peripheral arterial wall [44]. However, non-linear charac-

teristics of arterial stiffness were not taken into consideration in the arterial impedance

model used by Kohno et al. for the estimation of pain intensity, and as a result, evalu-
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Fig. 4.1: Overview of the proposed system

ation indices of pain intensity based on arterial impedance depended on blood-pressure

variations that did not relate to pain intensity. This chapter presents a novel quanti-

tative method for evaluating pain intensity using the log-linearized peripheral arterial

viscoelastic model.

Figure 4.1 shows the proposed system for evaluating sympathetic nerve activity

in response to transcutaneous electrostimulation. The system consists of three units:

the measurement unit, which simultaneously measures coincident biological signals and

the transcutaneous electrical stimulation applied to subjects; the analysis unit, which

calculates indices of sympathetic nerve activity from measured biological signals using

the log-linearized peripheral arterial model; and the evaluation unit, which evaluates
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Fig. 4.2: Electrocutaneous stimulation site

sympathetic nerve activity using the calculated indices.

In the measurement unit, biological signals and transcutaneous electrical stimula-

tion signals are measured simultaneously. Electrical stimulation signals I(t), which are

triangular pulse currents, are applied to the skin surface on the inner part of the right

forearm (Figure 4.2). The system measures electrocardiogram values, noninvasive con-

tinuous blood pressure, and PPGs as biological signals when electrical stimulation is

applied. Electrocardiogram values are measured with a three-lead electrocardiograph,

non-invasive continuous blood pressure Pb(t) is measured at the left radial artery, and

photoplethysmograms Pl(t) are measured on the left index finger. The maximum am-

plitude of the electrical stimulation signals Imax and all measured biological signals are

saved on a computer using an analog/digital converter.

In the analysis unit, sympathetic nerve activity is estimated as electrical stimula-

tion is applied. With every heartbeat, the indices of sympathetic nerve activity are

calculated from the dynamic characteristics of the peripheral arterial wall using the

log-linearized peripheral arterial viscoelastic model.

F (t) = µ̃r̈(t) + η̃ṙ(t)

+ exp{β̃dr(t) + Fβ̃0
+ Fβ̃nl

(r(t))} (4.1)
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Here µ̃, η̃, and β̃ are the arterial wall’s inertia, viscosity, and stiffness, respectively.

F (t), r(t), dr(t), ṙ(t), and r̈(t) represent normal force in the direction of the arterial

wall, the arterial diameter, the displacement of the arterial diameter, the velocity of

the arterial diameter, and the acceleration of the arterial diameter, respectively all

measured at the arbitrary time t. Fβ̃0
is the standard blood pressure and Fβ̃nl

is a force

originating in the vein. It is assumed that the blood pressure Pb(t) is equal to the force

F (t) per unit area, and there is a proportionate relationship between the displacement

of the arterial diameter and the PPG (see Appendix A). Accordingly, the Equation

(4.1) can be expressed as follows:

Pb(t) = µP̈l(t) + ηṖl(t)

+ exp{βPl(t) + Pbβ0 + Pbβnl
(Pl(t))} (4.2)

Here Pb(t), Pl(t), Ṗl(t), and P̈l(t) are the blood pressure, the arterial diameter, the

velocity of the arterial diameter, and the acceleration of the arterial diameter, respec-

tively all measured at the arbitrary time t. Pbβ0 is the standard blood pressure and Pbβnl

is a force originating in the vein. µ, η, and β are calculated for each heartbeat from the

Equation (4.2) using the least-squares method. As it has been reported that arterial

stiffness β prominently responds to direct sympathetic nerve stimuli, the authors used

arterial stiffness β as an evaluation index to estimate changes in sympathetic nerve ac-

tivity during transcutaneous electrical stimulation accompanied by pain. However, R2

(the coefficient of determination between the measured blood-pressure values Pb(t) and

the estimated blood-pressure values) is calculated. Here the estimated blood-pressure

values were calculated from the estimated arterial impedance parameters µ, η, and β,

as well as from the measured photoplethysmograms Pl(t). The use of an approximate

quantity for the estimated stiffness parameter β is justified if the value of the coefficient

of determination is 0.9 or more because this enables exclusion of results associated with
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unexpected artifacts such as bodily motion.

Finally, the evaluation part evaluates and displays the relationship between the

applied electrical stimulus and the arterial stiffness parameter β. In this study, the

proposed system was used to evaluate sympathetic nerve activity during applied tran-

scutaneous electrical stimulation.

4.3 Electrical Stimulation Experiments

To verify the ability of the proposed system to objectively evaluate pain intensity

produced by transcutaneous electrical stimulation, electric stimulation experiments

were performed on healthy subjects in a wakeful state using the system. The system

measured changes in the arterial stiffness parameter β and in pain as measured on the

numeric rating scale when the amplitude of the stimulus current was changed. The

subjects participated in the experiment in a wakeful state so that they could subjec-

tively assess pain caused by transcutaneous electrical stimulation.

Incidentally, it is known that psychological stress, including fear and tension, causes

sympathetic nerve activity [45]. Consequently, such activity may be triggered by psy-

chological stress or fear caused by electrical stimulation associated with pain when the

stimulation is applied to subjects in a wakeful state. The psychological stress caused

by the stimulus might be controllable by the application of multiple stimuli. However,

for the purposes of liability avoidance, it was decided to apply the stimulus to each

subject only once. First, the test protocol that enables control of psychological stress

associated with the electrical stimulus was verified as valid. Next, the relationships

among the load current, the value on the numeric rating scale, and the arterial stiff-

ness parameter β were experimentally evaluated according to the above test protocol.

Each subject was in a supine position, and the system in Figure 4.1 was used for

the experiment. The stimulating current, which was a triangular pulse current with
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a pulse width of 0.3 ms at 50 Hz, was produced by an electrical stimulator (SEN-

3041, Nihon Kohden Corp., Tokyo, Japan), an isolator (SS-203J, Nihon Kohden Corp.,

Tokyo, Japan), and a function generator (FG120, Yokogawa Electric Corp., Tokyo,

Japan). While the stimulating current was being applied to the subject, electrocardio-

gram signals and non-invasive left radial arterial blood pressure were measured using a

biological information monitor (BP-608 Evolution II CS, Omron Colin, Tokyo, Japan).

PPGs were measured using a pulse oxymeter (OLV-3100, Nihon Kohden Corp., Tokyo,

Japan). Data on these biological signals and the stimulating current were stored at

1,000 Hz on a computer using an analog/digital converter (CSI-360116, Interface Corp.,

Hiroshima, Japan). To relieve subjects of as much psychological stress as possible, the

maximum current amplitude of the transcutaneous electrical stimulation was changed

by 1.5 mA every 30 seconds, which is not a random current variation. The response

of the stiffness parameter β to the stimulus was evaluated based on the maximum β

value during a 30-second contact stimulus kept at maximum current amplitude Imax.

Humans have a function called adaptability and another called the negative feedback

mechanism [1, 46]. Adaptability is the body’s ability to gradually reduce upward af-

ferent impulses during prolonged stimuli [1], and the negative feedback mechanism

inhibits sympathetic nerve activity and lowers blood pressure when blood-pressure el-

evation causes an increase in the excitatory input of an arterial baroreceptor [46]. In

this study, the maximum stiffness parameter β was adopted as an evaluation index

to eliminate the influences of adaptability and the negative feedback mechanism as

much as possible. Immediately after each shift in the stimulating current, the subjects

reported the subjective pain level vocally and evaluated it using the numeric rating

scale [28–30], which ranks pain levels in 11 increments from 0 to 10 (no pain being 0

and maximum pain being 10).
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In accordance with the Declaration of Helsinki, informed consent was obtained from

all study subjects before the experiments were performed, and the approval of the Hi-

roshima University Ethics Committee was also obtained. The safety of the electrical

stimulator used in this study was verified in accordance with IEC 60601. To ensure

the subjects’ safety and limit their physical burden, strong stimuli (those above seven

on the numeric rating scale) were not applied.

4.3.1 Experimental Trials for Electrocutaneous Stimulation
Task

The purpose of the first test was to establish a task protocol that could be used

in the second test to control subjects’ psychological stress. Six healthy male subjects

(A – F; mean age ± S.D.: 22.2 ± 0.9 yrs) were chosen for the experiment. The test

included two tasks: a valley-type stimulation task, in which the stimulating current

was 9 mA at the beginning, then was gradually reduced to 0 mA, and then was grad-

ually increased again to 9 mA; and a mountain-type stimulation task, in which the

stimulating current was 0 mA at the beginning, then was gradually increased to 9 mA,

and then was gradually reduced again to 0 mA.

To determine the effects of the psychological stress of each task on the stiffness

parameter β, the value of this parameter for stimulus 0 mA (not intended to produce

pain) and stimulus 9 mA (intended to produce pain) were compared in each task.

Bonferroni correction was used to determine the significance of differences in the stiff-

ness parameter β (a necessary step for avoiding multiplicity issues). Differences were

considered significant when results showed p < 0.0167.

4.3.2 Pain-level Evaluation Test

The capacity for objective pain assessment using the stiffness parameter β in the
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proposed system was experimentally verified. Thirteen healthy male subjects (A –

M; mean age ± S.D.: 22.7 ± 1.1 yrs), including the same individuals specified in

Chapter 3.1, were chosen for the experiment. The experimental protocol was based

on the task (detailed in 4.3.1) verified as having the ability to reduce psychological

stress. To evaluate changes caused in the stiffness parameter β by the stimulus, the

stiffness parameter β was normalized based on the measured maximum value of β at

non-stimulation (Imax was 0 mA). Here the normalized stiffness parameter is defined

as βn. To verify the relationship between subjective pain evaluation and the stiffness

parameter β associated with pain, averages and standard deviations of the normalized

stiffness parameter βn and the value on the numeric rating scale for each stimulating

current Imax were calculated for all subjects. The coefficients of correlation and the

approximate curve between Imax and the value on the numeric rating scale between Imax

and βn and between βn and the value on the numeric rating scale were also calculated.

4.4 Results

4.4.1 Experimental Trials for Electrocutaneous Stimulation
Task

Figure 4.3 shows the measured signals from Subject A during the application of

the valley-type stimulus. These are the maximum current amplitude of transcutaneous

electrical stimulation Imax, non-invasive blood-pressure Pb(t), and photoplethysmo-

grams Pl(t), respectively. Figure 4.3 indicates that blood pressure increased when the

current amplitude Imax was high, and that the peak-to-peak amplitude PPG measured

from beat to beat (called the PPG amplitude [21]) decreased with the high-stimulation

current. Highly significant correlations were observed between the current amplitude

Imax and the maximum blood-pressure value in each 30-second interval Pbmax and be-

tween the current amplitude Imax and the maximum PPG in each 30-second interval
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Fig. 4.3: Measured radial arterial pressures and photoplethysmo grams from Subject A
when the valley-type electrocutaneous stimuli were applied

Plmax(t): respectively, Imax vs. Pbmax(t): R = 0.80 (p < 0.01), Imax vs. Plmax(t):

R = −0.77 (p < 0.01).

Figure 4.4 shows the analysis results for Subject A. Figure 4.4 (a) shows the anal-

ysis results from the mountain-type task and (b) those from the valley type. From

top to bottom, each figure shows the maximum current amplitude Imax, the stiffness

parameter β, and the values on the numeric rating scale. The results indicate that the

changes in the magnitude of the electrical current caused differences in the stiffness pa-

rameter β. Here it is assumed that the cause of changes in the stiffness parameter β is

psychological stress when the stiffness parameter β changes in the absence of stimulus.

The stiffness parameter β when Imax equaled 0 mA was compared with that when Imax
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Fig. 4.4: Estimated results of stiffness parameter β and recorded self-reporting NRS values
during electrocutaneous stimulation (Subject A): (a) the hill-type stimuli, (b) the valley-type
stimuli
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equaled 9 mA in order to determine the influence of psychological stress on the stiffness

parameter β. Figure 4.5 (a) shows the analysis results of the mountain-type task and

(b) those of the valley-type task. Both sets of results were obtained with all subjects.

Figure 4.5 (a) shows that the stiffness parameter β significantly differed according to

whether the stimulation current Imax was 9 mA for 180 – 210 seconds or 0 mA for

360 – 390 seconds (p < 0.05). Meanwhile, the results in Figure 4.5 (b) indicate that

the stiffness parameter β significantly differed according to whether the stimulation

current Imax was 9 mA for 0 – 30 seconds or 0 mA for 180 – 210 seconds, and whether

it was 0 mA for 180 – 210 seconds or 9 mA for 360 – 390 seconds (p < 0.05).

4.4.2 Pain-level Evaluation Test

Figure 4.6 shows a set of results from a valley-type task that were chosen from

among the results of the experimental trials conducted for transcutaneous electrical-

stimulation task selection. From top to bottom, the figure shows the relationship

between Imax and βn, that between Imax and the values on the numeric rating scale,

and that between βn and the values on the numeric rating scale. The mean values

were calculated from data on all subjects. Figure 4.6 indicates that the normalized

stiffness parameter βn significantly increased along with increases in Imax (R2 = 0.77

(p < 0.05)). The value on the numeric rating scale also significantly increased along

with increases in Imax or in the normalized stiffness parameter βn. As the numeric

rating scale is restricted to a range of 0 to 10, the relationships between the value

on this scale and Imax and that between the value on the scale and the normalized

stiffness parameter βn were approximated using a sigmoid function, and were modeled

with high correlations: respectively, Imax vs. NRS: R2 = 0.91 (p < 0.01), βn vs. NRS:

R2 = 0.92 (p < 0.01).
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4.5 Discussion

Figure 4.3 shows that the PPG amplitude changed with the magnitude of the maxi-

mum current amplitude Imax. Previous research has shown that fluctuation in the PPG

amplitude presents with an activated state of the sympathetic nervous system [21]. Ac-

cordingly, changes in PPGs potentially indicate changes in sympathetic nerve activity.

Correspondingly, the changes in Imax in Figure 4.3 caused variability in blood pressure

as well as in PPGs. Evaluation of sympathetic nerve activity therefore requires con-

sideration of variability in both PPGs and blood pressure.

Figure 4.4 shows that the stiffness parameter β changed when the stimulation cur-

rent was applied to the subjects’ skin in both the mountain-type task and the valley-

type task. Arterial stiffness depends on sympathetic nerve activity [47]. As these

functions cannot be voluntarily controlled, the sympathetic nerve responded to tran-

scutaneous electrical stimulation. However, Figure 4.4 (a) shows that the stiffness

parameter β responded during a 30-second interval (right after the beginning of the

task) that was a non-stimulation period. This was because sympathetic hyperactivity

had been activated; that is, the subjects felt psychological stress as a result of the tran-

scutaneous electrical stimulation. The stiffness parameter β responded dramatically

during increases in the stimulating current, just as it had before the first stimulation.

However, the responses of the stiffness parameter β during decreases in the stimulating

current differed significantly from those observed during increases. These results show

that the subjects experienced psychological stress and sympathetic hyperactivity. This

occurred because they were unable to viscerally imagine the maximum stimulus of the

mountain-type task until they felt it for themselves. Meanwhile, the stiffness param-

eter β responded dramatically to an initial stimulus, and the stiffness parameter β of

the valley-type task showed a response during increases and decreases of the stimulat-
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ing current that was similar to that of the mountain-type task during corresponding

increases and decreases. Subjects also felt psychological stress in the valley-type task.

However, they were able to perceive the strongest stimulating current at the beginning

of the stimulation, and this is considered to have reduced the psychological fear that

resulted from subsequent increases in the stimulating current.

As shown in Figure 4.5 (a), in the mountain-type task the stiffness parameter β

responded similarly both to the application of the strongest stimulating current (Imax

was 9 mA for 180 – 210 seconds) and to non-stimulation (Imax was 0 mA for 0 – 30

seconds). The major reason for this was that the psychological stress felt during non-

stimulation was as great as that experienced when the strongest stimulating current

was applied. As shown in Figure 4.5 (b), in the valley-type task the stiffness parameter

β when the strongest stimulating current (Imax was 9 mA for 0 – 30 seconds and 360 –

390 seconds) was applied differed significantly from the same parameter during periods

of non-stimulation (Imax was 0 mA for 180 – 210 seconds). This shows that the effect

of psychological fear on the stiffness parameter β was removed by this task.

The result in Figure 4.6 (a) indicates that increased stimulating current led to a

significant increase in the normalized stiffness parameter βn. As the valley-type task

keeps the effects of psychological fear under control, it is likely that involuntary sym-

pathetic hyperactivity associated with extraneous stimuli [1] gave rise to the response

of the normalized stiffness parameter βn. As shown in Figure 4.6 (c), the relationship

between subjective pain intensity (measured using the numeric rating scale) and the

calculated normalized stiffness parameter βn can be expressed approximately using a

sigmoid function [48] similar to that representing the input-output characteristics of

nerve cells. The sigmoid function was limited to a range of 0 to 10 in accord with the

range of the numeric rating scale. The results show that the estimated values on the
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numeric rating scale calculated from the normalized stiffness parameter βn and from

approximate mathematical expressions may enable objective and quantitative evalua-

tion of human pain intensity.

It can therefore be concluded that, in the valley-type electrical stimulus experi-

ment, there were statistically significant relationships among the normalized stiffness

parameter βn (which is under the control of sympathetic nerve activity), the stimulat-

ing current Imax, and the values on the numeric rating scale. The normalized stiffness

parameter potentially enables objective assessment of levels of pain in cases where

patients are unable to voluntarily express pain due to physical difficulty or anesthesia.

4.6 Concluding Remarks

This Chapter proposes a system for subjective and quantitative evaluation of human

subjective pain intensity. Sympathetic activity associated with painful transcutaneous

electrical stimulation was evaluated, and a statistically significant correlation among

changes in arterial stiffness at peripheral points controlled by sympathetic nerve activ-

ity, transcutaneous electrical stimulation levels and subjective pain levels was observed.

The relationship between normalized arterial stiffness βn and transcutaneous electrical

stimulation was successfully expressed by the sigmoid function, and the feasibility of

objective pain evaluation based on measurement of normalized arterial stiffness βn was

demonstrated.





Chapter 5

Conclusion

This dissertation proposes a novel peripheral arterial viscoelastic model that sup-

ports the monitoring of local autonomic function. To enable evaluation only of changes

in the mechanical characteristics of an artery related to autonomic nerve activity, the

proposed model allows (i) quantitative evaluation to identify the mechanical character-

istics of the arterial wall based on impedance parameters such as stiffness, viscosity and

inertia, (ii) estimation of stiffness factors considered unrelated to sympathetic nerve

activity, such as the non-linear relationship between artery diameter and intra-arterial

pressure, and (iii) elucidation of specific characteristics of peripheral arteries, such as

arterial effects and arteriolar accumulation. An arterial characteristic index to support

monitoring of autonomic nerve activity was then proposed based on the model. The

method enables clarification of temporal changes in the proposed indicators, making it

suitable for patient monitoring during endoscopic thoracic sympathectomy, differential

examination between Parkinson’s disease and Parkinsonism in the head-up tilt testing,

and subjective/quantitative evaluation of pain.

Chapter 2 outlines an arterial mechanics model based on mechanical impedance in

which intra-arterial pressure dependency specific to peripheral arteries is considered,

and proposes a log-linearized peripheral arterial viscoelastic index that can be used to
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clarify sympathetic activity. The validity and effectiveness of the proposed index were

considered in two experiments. In the supine body roll test, the validity of the model

and the related estimation method were demonstrated based on Lissajous curves of

blood pressure vs. plethysmograms and the high correlation between estimated and

actual blood pressure values. For changes in arm elevation during peripheral artery

monitoring, the proposed indicator reduced the effects of intra-arterial pressure better

than the conventional model according to comparison of changes in the stiffness K̃ of

the conventional arterial mechanics model and the stiffness β of the proposed indica-

tor. In endoscopic thoracic sympathectomy, stiffness β varied in response to surgical

treatment, and acute sympathetic nerve activity was accurately determined. Further,

immediately after the right sympathetic nerve was blocked, no reaction was observed

in stiffness β monitored in the right sympathetic nerve during stimulation of the left

sympathetic nerve, demonstrating that stiffness β can be used to evaluate local sym-

pathetic nerve activity.

Chapter 3 proposes a new method to support the diagnosis of Parkinson’s disease,

which is associated with abnormal autonomic function. As Parkinson’s disease and

Parkinsonism have similar symptoms but different treatment methods, accurate diag-

nosis is required. The proposed method can be applied to identify both diseases based

on the abstraction of changes in arterial viscoelastic properties and digital pulse vol-

ume determined using head-up tilt test (a postural change test) as a feature value, and

on the judgment of normal/abnormal autonomic nervous function using a probabilistic

neural network. The two conditions cannot not be differentiated on the basis of indi-

vidual feature values alone, but autonomic function was precisely evaluated with the

proposed method. The conditions were differentiated based on learning with an neural

network combination of all indicators rather than individual feature values. In addi-
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tion, the feasibility of quantitative evaluation to determine the effects of light therapy

using the proposed method for patients undergoing autonomic function treatment was

demonstrated even in cases without 123I-MIBG myocardial scintigraphy testing.

Chapter 4 proposes a system for subjective and quantitative evaluation of human

subjective pain intensity. Sympathetic activity associated with painful transcutaneous

electrical stimulation was evaluated, and a statistically significant correlation among

changes in arterial stiffness at peripheral points controlled by sympathetic nerve activ-

ity, transcutaneous electrical stimulation levels and subjective pain levels was observed.

The relationship between normalized arterial stiffness βn and transcutaneous electrical

stimulation was successfully expressed by the sigmoid function, and the feasibility of

objective pain evaluation based on measurement of normalized arterial stiffness βn was

demonstrated.

Next, future tasks are discussed. First, stiffness β calculated using the log-linearized

peripheral arterial viscoelastic model is not easily affected by blood pressure changes

unrelated to sympathetic nerve activity. However, as the proposed method targets

characteristics of arteries in vivo, genuine values of arterial characteristics are not

evaluated. Accordingly, comparison based on arterial viscoelasticity involving excited

arteries or phantom experiments with assumed human arteries is needed. Addition-

ally, variations in the extent of change in stiffness β related to gender or age require

further consideration. Nevertheless, autonomic nerve activity can be readily compared

between subjects based on statistical data analysis.

Second, learning data were collected from five patients with Parkinson’s disease

and five patients with Parkinsonism in this study. The ratio of identification for these

learning data was 100%, and a high rate of 80% was also observed among 15 patients

for whom learning data were not collected. However, greater identification precision
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is desired for practical application, and more learning data are therefore required. In

future study, the number of subjects must be increased and the potential for further ex-

perimental verification and other methods should be considered. In addition, stiffness

β was simply assumed in the proposed system due to the use of a generally accepted

oscillometric automatic sphygmomanometer in the study. The use of a continuous

sphygmomanometer will support the identification of variations in stiffness β and al-

low more accurate evaluation of autonomic nervous function. Accordingly, verification

of the proposed method using a continuous sphygmomanometer is required.

Third, stiffness β assumed in the proposed method is an indicator for the evalua-

tion of changes in arterial properties associated with exacerbation of the sympathetic

nerve. It is useful in situations where the sympathetic nerve is exacerbated, such as

those involving painful stimulation. However, objective evaluation of various factors

relating to subjects themselves (such as the degree/type of pain experienced and men-

tal anxiety associated with painful stimulation) was not performed, and the influence

of these factors on stiffness β must be verified. Consequently, future studies should

include consideration of brain activity evaluation based on fMRI during pain sensa-

tion, investigation of brain activation sites and degrees of activation, subjective pain,

stimulation levels and individual bigamous relationships among transcutaneous electri-

cal stimulation, brain activity evaluation based on fMRI, human subjective pain, and

stiffness β. As brain function can be evaluated, the question of whether stiffness β

reactions are caused by actual pain or by psychological factors such as phantom pain

can be discussed. In this way, automatic nerve activation levels can be more accurately

evaluated subjectively and quantitatively. Additionally, changes associated with sur-

gical events depending on the dose of anesthetic can be monitored using the proposed

method even under full anesthesia. The proposed method may thus also support the
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detection of anesthetic over-administration or under-administration. Administration of

anesthesia at levels that do not result in significant stiffness β changes during surgery

is expected to support the maintenance of anesthetic effects, early recovery.

Finally, the potential of a log-linearized peripheral arterial viscoelastic index is

discussed. The proposed indicator is considered useful in the evaluation of human con-

ditions in various situations. By way of example, changes in stiffness β after a period

of minutes or hours can be predicted mechanically using this indicator, and this can

be applied in risk prediction for ICU patients. Additionally, both autonomic nerve

activity and the steady state of an artery can be predicted based on a combination of

stiffness β and viscosity η, and this can be used to support diagnosis of arteriosclerosis.

Further, the development of a system that incorporates intuitive feedback of the pain

felt by a patient to a therapist will support more effective rehabilitation. The ability

to evaluate changes in mental condition using the proposed indicator will also allow

quantitative evaluation of stress tolerance, depression, sleep quality and other consid-

erations. A portable sphygmomanometer or plethysmogram can be worn to facilitate

the monitoring of such symptoms. The log-linearized peripheral arterial viscoelastic

index is expected to contribute to the improvement of QOL in various situations, such

as monitoring of patients undergoing home medical care, support for early recovery,

and daily healthcare.

Publications concerning this dissertation are listed in the bibliography [49–52].





Appendix A

Relationship Between
Photoplethysmograms and Arterial
Diameter Variations

Blood flow variations known as pulse waves caused by the beating of the heart

propagate toward the peripheral artery, and can be measured. The two types are

pressure pulse waves, which can be monitored to determine pressure fluctuations, and

volume pulse waves, which can be monitored to determine arterial volume changes.

Photoplethysmograms correspond to the latter type.

Using Ii to denote the intensity of LED-emitted incident light in relation to finger

thicknessD and Io to denote the intensity of transmitted light, it follows from Lambert-

Beer’s law [53] that

AD ≡ log(Ii/Io) = ECD. (A.1)

Here, AD is absorbance relating to finger thickness D, which is proportional to the

density C of the relevant light-absorbing material, and E is an absorbance constant

unique to the material in question [32, 33]. Changes in absorbance ∆AD and in the
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intensity of transmitted light ∆Io are expressed as follows [32,33]:

∆AD = AD(r)− AD

= log(Io/Io(r)) = EC(D(r)−D), (A.2)

∆Io = Io − Io(r). (A.3)

Here, r(t) is the diameter of the blood vessel at the arbitrary time t, and D(r) is

finger thickness. The photoplethysmogram Pl(t) is a measure of ∆AD. However, the

change in absorbance ∆AD can be generally approximated as follows with commercial

equipment [32,33]:

∆AD = log(Io/(Io −∆Io))

≃ ∆Io/Io. (A.4)

It should be noted that D(r)−D in Equation (A.2) is the arterial diameter dr(t). EC

in Equation (A.2) is defined as the proportional constant kp, and the photoplethys-

mogram offset produced by the Equation (A.4) approximation is defined as Pl0. The

photoplethysmogram Pl(t) can be expressed as follows using Equation (A.2):

Pl(t) = kpdr(t) + Pl0. (A.5)



Appendix B

A Log-linearized Gaussian Mixture
Network

The log-linearized Gaussian mixture network (LLGMN) is a feed-forward neural

network based on logarithm linearization of the Gaussian mixture model. The LLGMN

learns data on statistical distribution based on the model included in the LLGMN, cal-

culates a posterior probability for each configuration input, and identifies patterns in

the learning data. To represent normalized distribution corresponding to each com-

ponent of a Gaussian mixture model as weight coefficients of the LLGMN, the input

vectors x=[x1, x2, · · · , x8]
T ∈ ℜ8 are first converted to form the modified input vector

X as follows:

X = [1,xT, x2
1, x1x2, · · · , x1x8, x

2
2, x2x3, · · · , x2x8, · · · , x2

8]
T. (B.1)

The first layer of the network consists of H = 45 units corresponding to the dimension

of X, and the identity function is used for the activation function of each unit. The

relationship between the input and output of each unit in the first layer is defined as

(1)Ih = Xh, (B.2)

(1)Oh = (1)Ih. (B.3)

77



78 Appendix B. A Log-linearized Gaussian Mixture Network

Here, (1)Ih and (1)Oh denote the input and output, respectively, of the hth unit in the

first layer.

When there are two classes and Mc components in class c, the second layer consists

of
∑C

c=1Mc units. Each unit {c,m} (c = 1, 2,m = 1, · · · ,Mc) receives the output of

the first layer weighted by the coefficient w
(c,m)
h . The input to the unit {c,m} in the

second layer (2)Ic,m and the output (2)Oc,m are defined as

(2)Ic,m =
H∑

h=1

(1)Ohw
(c,m)
h , (B.4)

(2)Oc,m =
exp[(2)Ic,m]∑2

c=1

∑Mc

m=1 exp[
(2)Ic,m]

. (B.5)

Here, w
(c,m)
h , which is a parameter used in the Gaussian mixture model, is developed

as weight coefficients of the LLGMN, and w
(2,M2)
h = 0.

Finally, the third layer consists of two units corresponding to the number of classes,

and the unit c integrates the outputs of Mc units {c,m} (c = 1, 2,m = 1, · · · ,Mc) in

the second layer. The relationship between (3)Ic and output (3)Oc is defined as

(3)Ic =
Mc∑
m=1

(2)Oc,m, (B.6)

(3)Oc = (3)Ic. (B.7)

In the LLGMN defined above, the a posteriori probability P (c|x) of each class c is

defined as the output of the last layer (3)Oc.

When the supervised learning of the LLGMN with the teacher vector T (n) =

[T
(n)
1 , · · · , T (n)

c , · · · , T (n)
C ]T for the nth input vector x(n) (n = 1, · · · , N) is given, the

network energy function is determined as

J = −
N∑

n=1

Jn = −
N∑

n=1

2∑
c=1

T (n)
c log(3)O(n)

c . (B.8)
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and learning is performed to minimize it based on Kullback-Leibler information for

true distribution. The weight modification ∆w
(c,m)
h of the corresponding weight w

(c,m)
h

is defined as

∆w
(c,m)
h = −η

C∑
c=1

N∑
n=1

∂Jn

∂w
(c,m)
h

. (B.9)

Here, η is the learning rate, and the partial derivative in Equation (B.9) can be obtained

using the chain rule in the same manner as the error backpropagation rule:

∂Jn

∂w
(c,m)
h

=
∂

∂w
(c,m)
h

(−
C∑
c=1

T (n)
c log(3)O(n)

c )

= ((2)O(n)
c −

(2)O
(n)
c

(3)O
(n)
c

T (n)
c )X

(n)
h , (B.10)

Here, the parameters of the Gaussian mixture model are learnt as weight coefficients

of the LLGMN.
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