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Abstract

Optical Non-invasive Blood Pressure:
PPG Waveform-based
Estimation and Verification

Incheol Jeong
Dept. of Biomedical Engineering
The Graduate School

Yonsei University

Photoplethysmograph (PPG) is an optical measurement technique that can be used to
detect blood volume (BV) changes in the micro vascular bed of tissue. It has widespread
clinical application, with the technology utilized in commercially available medical
devices. PPG waveform is believed to have significant information regarding the patient’s
cardiovascular condition which has not been fully utilized in the current clinical practice.

The objective of the current study is to assess the feasibility of using multiple features
derived from the finger PPG waveform as markers of BP. The specific objectives are; first,
to study the change in PPG waveform during BP change from patients in emergency
room and intensive care unit based on a blood flow model and to evaluate their potentials
as non-invasive indicators of cardiovascular diseases (CVDs), second, to evaluate the
potential use of the finger PPG waveform derived BP as a non-invasive indicator of BV
and vascular resistance (VR) by investigating its association with progressive change in
the central BV and the total peripheral resistance (TPR) induced by cardiac stimulants,
third, to investigate the propriety of using normalized PPG derived the finger PPG

waveform to track variations in contact force (CF) change at measurement area and

Xiii



progressive changes in PPG waveform induced by forced gradual cooling and heating,
forth, to develop an automated method of detecting BP from the finger PPG waveform
and evaluate the reliability of the measurement by direct comparison with the BP
measured from clinical non-invasive blood pressure (NIBP) equipment.

The results from current study clearly show the possibility of finger PPG waveform as a
noninvasive determine tool for BP change. BP detection model were verified by the
relationship study, which involved change of cardiovascular status from a group of
healthy human subject that constituted blood pressure change and a group of healthy
animal subject that induced via commonly used cardiac stimulants. The results from these
studies have supported that morphological features derived from the finger PPG
waveform could be very useful for detecting the change in central BP, and the trends of
features might be possible to identify not only the local BV change but also the VR
change in peripheral vasculature. The relationship between effects of environment and the
finger PPG waveform was confirmed that CF and skin surface temperature (SST) changes
in groups of healthy subjects produced the progressive PPG waveform change. The
clinical study focused on long-term comparison and has shown that morphological
features of the finger PPG waveform could be potential markers of BP change, which
may help to patients who are interested in monitoring their daily BP.

In terms of clinical application, this approach is best way to identify BP change as easily
as possible, because we can apply the long-term monitoring possibility of BP
measurement system. In this perspective, the finger PPG waveform-based technique may
prove to be extremely valuable detection technique of BP. The technique proposed in the
current study may be applied in home and mobile healthcare phase, so that whenever and
wherever the patient are, BP assessment can be more convenient with very simple
monitoring procedures. When the simple, comfortable and totally noninvasive BP
measurement is required, PPG waveform will be the ideal application for continuous BP

monitoring of the patient.

Key words: Photoplethysmograph, Blood pressure, Blood volume, Vascular resistance,
Contact force, Skin surface temperature, Non-invasive blood pressure, Cardiovascualr

diseases
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Chapter 1 Introduction



1.1 Research motivation

In modern time, uncontrolled blood pressure (BP) has been one of the major causes of
death in human beings. Based on statistics, uncontrolled BP leading to cardiovascular
diseases (CVDs) occurs to almost 20% of disorder to adults. Ignored control of BP has

been recognized as a major contributor to preventable cardiovascular deaths.

Abnormal BP has close relation with the generation of main CVDs including the coronary
heart diseases, the cardiac insufficiency, and the cerebrovascular disorders. The proper
control of BP to prevent the frequent adult diseases is very meaningful not only for the
personal health of patients but also for the public health care of the government [1-3]. The
most basic method to control BP is to measure and monitor BP periodically. It is because,
except some emergency cases, the long-term trend of the pressure change is more
important than the temporary BP of the present [4-5]. Therefore, it is very important to
measure BP periodically in the ordinary life [6].

BP measurement method developed up to now can be largely divided into the invasive
and the non-invasive methods. The invasive method also called ‘the direct method’ is the
way to insert the catheter directly into the blood vessel of the patient. The non-invasive
method also called ‘the indirect method’ includes the auscultation, the facilitation, the
oscillometric method, the Finapres method, the phase shift of tactile sensor and the pulse
transit time (PTT) method. The typical ones among BP measuring methods are the direct
method and the auscultation using the mercury (Hg) BP gauge. But the direct method is
used only for the study or in the intensive care room because of the high cost and the risk.
The mercury pressure gauge has been used for years in the hospital but its use is getting
decreased in the USA and Europe due to the strengthened restriction of hazardous
materials. Both of these methods require the additional help of medical person in their

measurement [7].

Presently, the most general BP measuring methods are the auscultation and the



oscillometric method [8-10]. In both of these methods, the cuff is attached to the upper
arm or the wrist of the attested and compressed with the higher pressure than the systolic
blood pressure (SBP) to block the artery. BP is measured while the pressure is gradually
diminished. But, this measurement method with the cuff is not appropriate for the
continuous measurement because BP cannot be measured again until the blocked artery is
restored [11]. Furthermore, the press by the cuff can make the patients uneasy and
uncomfortable or inflict the damage on the measuring part [6, 12]. To solve this problem,
the method using the pulse transit time was proposed [13-15]. In this method, BP is
estimated with the relation of inverse proportion between BP and PTT by analyzing the
photoplethysmograph (PPG) and the electrocardiogram (ECG) signal. If BP goes up, the
elasticity of the vessel wall is decreased and thus PTT tends to increase [16-18]. But this
method requires the additional acquisition of ECG signal. Therefore, in the previous
studies, only the transit time of the reflective wave was acquired without ECG signal and
BP was estimated just by the volume pulse [19]. But, even though it is simple and
convenient, this method also requires additional studies because it estimates BP only
through the elasticity of vessel wall and the resistant elements.

1.2 Research hypotheses

The main hypothesis of the current work was that multiple features derived from the
finger PPG waveform based on pulse wave analysis could reflect blood volume (BV) and
vascular resistance (VR) induced by cardiovascular condition and therefore was
potentially useful for the detection of BP. In order to test the hypothesis that
morphological features derived from the finger PPG waveform could reflect the central

BP, we simultaneously measure BP and the finger PPG waveform.

We also hypothesized that the contact force (CF) and the skin surface temperature (SST)



in measurement area would lead to an unexpected change to the finger PPG waveform,
even when the changes in BP and the heart rate (HR) were minimal. To test this
hypothesis, graded CF change and SST change were used as models to simulate the

cardiovascular response to mild environment effects.

1.3 Objectives of current study

The overall objective of the current study is to assess the feasibility of using multiple
features derived from the finger PPG waveform as markers of BP. The specific objectives

are:

1. To study the change in PPG waveform during BP change from patients in
emergency room and intensive care unit based on a blood flow model and to

evaluate their potentials as non-invasive indicators of CVDs.

2. To evaluate the potential use of the finger PPG waveform derived BP as a non-
invasive indicator of BV and VR by investigating its association with progressive
change in the central BV and the total peripheral resistance (TPR) induced by

cardiac stimulants.

3. To investigate the propriety of using normalized PPG derived the finger PPG
waveform to track variations in CF change at measurement area and progressive

changes in PPG waveform induced by forced mild cooling and heating.

4. To develop an automated method of detecting BP from the finger PPG waveform
and evaluate the reliability of the measurement by direct comparison with the BP

measured from clinical non-invasive blood pressure (NIBP) equipment.



1.4 Outline of current study

The current study consists with 6 chapters. Chapter 1 (this chapter) has stated the main
hypotheses and objectives of the current work and the motivations behind. Chapter 2
provides background information related with the current work, including cardiovascular
response to BP change, models of blood flow, and potential applications of PPG
waveform, including a brief description of the physiological meaning and information
content of the finger PPG waveform. Chapter 3 presents the results obtained from the
relationship study. It comprises two study modules: (1) Investigation of the change in the
finger PPG waveform derived BV and VR during BP change from patients in thoracic
surgery, emergency room, and intensive care unit; (2) Investigation of the change in the
finger PPG waveform derived progressive change in central BV and TPR induced by
cardiac stimulants. Chapter 4 presents the results obtained from compensation study. It
comprises two study modules: (1) Investigation of the change in the finger PPG
waveform derived normalized PPG waveform during CF change at measurement area
induced progressive local vascular structure change; (2) Investigation of the change in the
finger PPG waveform derived normalized PPG waveform during SST change at
measurement area induced progressive vasoconstriction and vasodilatation. Chapter 5
presents the results obtained from the clinical long-term study, which assesses the
correlation between clinical NIBP measurements and BP derived from finger PPG in a
group of subjects. Chapter 6 briefly summarizes the overall body of work and presents

suggestions for future research.



Chapter 2 Background



2.1 Overview

The potential applications of PPG waveform analysis are mentioned in section 2.2,
including a brief description of the physiological meaning of PPG waveform and the

possible features that can reflect cardiovascular conditions.

2.2 Potential applications of PPG waveform

PPG is an optical measurement technique that can be used to detect BV changes in the
micro vascular bed of tissue [20]. It has widespread clinical application, with the
technology utilized in commercially available medical devices [21]. PPG waveform is
believed to have significant information regarding the patient’s cardiovascular condition
which has not been fully utilized in the current clinical practice [21-25]. This section
reviews the physiological meaning of this signal and clinical applications, and mentions
the potential benefits and limitations of using this signal as a diagnostic tool for BP

change.

2.2.1 Physiological meaning of PPG waveform

PPG also called photoelectric plethysmogram. PPG signal can be acquired by a sensor

probe consisting of a light source and a photodetector, which is usually a matched light



emitting diode (LED) and photodiode pair. The measuring site is illuminated with light,
some of which is absorbed by the blood and tissue beneath the skin surface. The
photodetector picks up either the transmitted light (in transmission mode) or the reflected
light (in reflection mode). The basis of PPG measurement is the Beer-Lambert law, which
relates the amount of light transmitted through the light absorbing substance with the

amount of that substance, based on the following equation:

[ =Ijeede (1)

lo = Incident light intensity

| = Transmitted light intensity

¢ = Concentration of light absorbing substance

¢ = Extinction coefficient of light absorbing substance

d = Path length or thickness of light absorbing substance

According to this equation, the log of detected light intensity would have a negative
linear relationship with the concentration of the light absorbing substances. In peripheral
PPG measurement, the light absorbing substances include the arterial blood, the venous
blood and the tissue of the body site being monitored. As shown in Figure 2.1, the
measured PPG signal typically consists of an alternating current (AC) component
corresponding to systolic BV pulsation and a direct current (DC) component that
represents predominantly fluctuation in the baseline arterial and venous BV [21, 23, 26].
The major cause of the observed variation in the PPG signal was believed to be the
change in BV in the underlying tissue leading to the change in the absorption of light by
the hemoglobin in the blood [26]. Other factors may also affect the amount of light
detected, including the orientation effect of the erythrocytes, the movement of the vessel
walls and the temperature-dependent optical characteristics of the tissue, but the effect of
absorption usually dominates, such that arterial pulsation will produce a small reduction
in the light detected, in synchrony with each heart beat [26, 27]. The complex manner in
which light intensity is modulated by the underlying BV makes it difficult to quantify BV
change using the PPG technique. [21]



As the AC component of PPG signal acquired by the photodetector represents the change
of BV, it can be expressed as equation (2). The flow of BV is generated in the artery
vessel, it can reflect the condition of the artery vessel. And the DC component (including
DC offset and AC component) acquired by the photodetector can reflect the BV in the
vein and the capillary vessels as well as the artery. Therefore, as shown in equation (3),

the change of DC component is directly in inverse proportion to the BV [28].

ABlood Volume = AC component 2
Blood Volume = constant — DC component 3)
AC component .
Blood volume pulse wave Arterial blood
£
= Arterial blood
)
:}
DC offset < venous blood
Blood volume and tissue
tissue

Time

Figure 2.1. Composition of PPG waveform.

2.2.2 Clinical applications of PPG waveform

PPG has been applied in many different clinical settings including clinical physiological
monitoring, vascular assessment, and autonomic function. Table 2.1 summarizes each

measurable physiological parameters, measurement methods, and references. [21]



Table 2.1. Clinical applications | [21].

Parameter Method Reference
. The differences in the light absorption
Blood oxygen saturation of HbO, and Hb [29]
Heart rate Pulse interval measurement
Finapres™(for FINger Arterial PRESsure) technology [30]
Clinical physiological Blood pressure
monitoring PTT [31,32]
Pressure Recording Analytical Method [33]
Cardiac output
ModelFlow™ method [34]
Respiration Respiratory induced intensity variations [35, 36]
— Risetime. T H — thheiaht rati
Arterial disease isetime, frequency c_aracterlstlcs, width/height ratio, [37-44]
amplitude and shape
Pulse wave velocity [45-47]
Arterial compliance and ageing
Pulse shape characteristics [48-51]
Vascular assessment Endothelial function Shape-related information [52]
Venous assessment Light reflection rheography [53-55]
Vasospastic conditions, The pulse amplitude [56]
e.g. Raynaud’s phenomenon and the slope of the rising edge
Microvascular blood flow and tissue Amplitude of the PPG pulse [57]

viability

-10 -



Table 2.2. Clinical applications Il [21].

Parameter Method Reference
Vasomotor function and . s
. PPG amplitude variations [58-61]
thermoregulation.

Blood pressure and heart rate Finger-pressure cuff/PPG technology [62, 63]

Autonomic function variability PTT and RR interval [64]

Orthostasis Changes in pulse with orthostatic stress [65]

Trigemino- hetic refl

Neurology rigemino-parasympathetic reflex [66, 67]

The second derivative of the PPG pulse

-11 -



2.2.3 Benefits of using PPG waveform

There are various benefits associated with using PPG waveform for BP detection. The
measurement of continuous arterial BP waveform requires an invasive catheterization or
leads inconvenient compression of the measurement site; however PPG waveform can be
continuously acquired for a long period of time in a totally non-invasive and comfortable
manner. The measurement of PPG waveform is also remarkably easy to perform, simply
by attaching a sensor probe on the skin without the need for much skill or expertise. The
fact that PPG waveform measurement can be performed in a relatively operator
independent manner and only requires the accessibility of a peripheral site, which is
typically the fingertip, the ear, or the toe, has made it a very attractive option for BP

monitoring.

Almost vital sign monitor would measure pulse oximetry, meaning that no extra
equipment would need to be installed for measuring BP with PPG waveform-based
technique. This is another important consideration for the feasibility of the BP monitoring
technique. The time and cost associated with the installation of new equipment and the
training of medical staff for proper operation of the equipment may deter wide
deployment of these techniques in the critical care sector, the waiting room of the often
overcrowded clinical center to assist pre-diagnosis and triage of BP disorder patients,

given the budget constraint of the health care department.

The development of microelectronic technology has led the development of lightweight
and miniature wearable PPG biosensors, such as the ring sensor designed by the MIT
group [68]. These types of sensors are not only useful for early diagnosis and triage of
patients during the pre-hospital phase, but also permit continuous remote cardiovascular
monitoring, for example, in a home, mobile, sports healthcare setting. A typical feature of
these wearable biosensors is the integration of data acquisition and wireless transmission
facilities; such that the subject is free to perform daily activities while being continuously
monitored. [69]
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2.2.4 Limitations of using PPG waveform

Despite the advantages of PPG waveform, the various external and internal influences of
PPG waveform may limit its application. These influences include motion artifact [70],
vascular tone [70, 71] and contact force with the sensors [72, 73]. Motion artifact and
peripheral vasoconstriction can degrade the quality of the PPG waveform signal and
cause problems in reliable pulse detection [64]. Measurement of PPG waveform at
alternative sites such as ear or forehead other than finger may help to reduce the problem
[74]. An alternative approach is to perform an active warming procedure prior to finger to
induce vasodilatation and improve signal quality [75], but this technique is only
acceptable if one is not trying to measure the finger vascular tone.

Motion artifact in PPG waveform recording is almost unavoidable during continuous
monitoring. The origin of motion artifacts in PPG waveform has been considered tissue
movement, venous blood movement, and probably optics movement. Some researchers
have proposed the use of multiple wavelength systems to eliminate these artifacts [76, 77].
However, it is likely that some artifacts cannot be eliminated, for example those
associated with the distortion of arterial volume pulse at the vascular level, in which case
robust automatic technique to differentiate between artifacts and true cardiac pulses will
be much needed. Some pulse oximeters use the R-wave of ECG to synchronize PPG
waveform and achieve significant improvement in the detection of noisy pulsatile signal
[70]. In the design of wearable PPG devices for mobile monitoring, motion artifact
minimization is one of most important consideration. The reduction of motion artifacts
depends on elegant sensor design, including where and how the optical sensors are
attached on the skin, what type of optical sensors are used, and whether an extra signal
can be used as a noise reference [68]. With further advancement in sensor and signal
processing technology, motion artifact may no longer be a big issue in future generations
of PPG applications. [69]
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Chapter 3 Relationship study
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3.1 Overview

This chapter explores the utility of PPG waveform as a BP tool by using human and
animal subjects. The relationship study was carried out in collaboration with the thoracic
surgery, emergency room, the critical care medicine, and the animal experiment
laboratory in Wonju Christian Hospital. Section 3.2 studies the change in finger PPG
waveform derived by BV and VR during BP change from patients in thoracic surgery,
emergency room, and intensive care unit. This section is built upon the results obtained
from the human correlation coefficient study. In section 3.3, a study is taken by
investigating of the change in PPG waveform derived progressive change in central BV
and TPR induced by cardiac stimulants. The feasibility of using morphological analysis to

characterize a hemodynamic response will be investigated.
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3.2 A study of the estimation for blood pressure using the

PPG waveform

3.2.1 Introduction

According to hemodynamics, increase of BP can explain with increase of BV and/or
increase of TPR. However, BP is generated by processes of complex internal factors in
human and any factor is impossible to represent the whole incidence mechanism of BP
[78]. So a new method that can analyze BV and VR without the analysis of whole factors
is developed and selected to estimate arterial BP.

In the study of Takazawa et al., they showed not only PPG waveform is similar to BP
waveform but also mechanism of vasoconstrictions and vasodilatation [79, 80]. From
these backgrounds, a basis that presents BP is led by analyzing BV and VR using PPG

waveform.

PPG waveform is measured by using a light source. When a light source radiates on the
skin, it is absorbed into arterial blood, venous blood, tissue and etc. Therefore, the pulsed
part is affected by the cardiac contraction and relaxation and the non-pulsed part presents
the absorption for non-pulsed arterial blood, non-pulsed venous blood, tissue and etc. [81].
Specially, the value of non-pulsed arterial blood presents the residual blood during the
cardiac relaxation [82]. The change of BV in finger is generated by vasoconstrictions and
vasodilatations in affected tissue by sympathetic nervous system [83]. For instance,
vasoconstrictions are results of tissue hypovolemia and the low flexibility (high resistance)
of arteries. Therefore, the analysis of BV and VR becomes an item that can detect the
relationship of BP [84—88].

The verification of hypothesis is confirmed with the existing vascular models and the

evaluation of experimentations is performed with the physiological investigation in
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animal tests and clinical tests.

3.2.2 Models

3.2.2.1 Blood pressure
BP means the pressure acting on the vessel during the flow of blood along the vessel
while the heart is contracting and dilating. As shown in equation (4), BP is dependent on
both blood flow (Q) and VR.

BP « Q X VR 4)

This equation makes equation (5), BP is calculated with the times of cardiac output (CO)
and TPR.

BP = CO x TPR (5)

3.2.2.2 Vascular physiology
3.2.2.2.1 Basic cardiovascular system

The vascular model as Figure 3.1, is composed by heart, aorta, and peripheral vascular.
This model explains variations and characteristics of aorta and peripheral vascular
according to the blood flow change between systolic and diastolic heart conditions. As
shown in equation (6), the sum of aorta BV and peripheral vascular BV is the BV that

ejects from ventricular during systolic.

Q=Q,+Q, ©)
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Aorta Peripheral
vascular

Figure 3.1. Basic cardiovascular system.

Aorta has the compliance by blood flow and pressure. This compliance regards as the
capacitor that controls blood flow increases and decreases in the cardiovascular system

[89]. Figure 3.2 shows the idealized segments of artery.
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(Blood Pressure) (Peripheral Resistance)

Figure 3.2. Idealized segments of artery.

- 18 -



3.2.2.2.2 Windkessel models

Two-element windkessel model is composed by resistance and capacitor. The electrical
equivalent circuit show as Figure 3.3. Capacitor represents BV changes for the blood flow
increases and decreases in aorta, and resistance represents BV decrease by the blood
pressure decreases in peripheral vascular. Equation (7), (8), (9) and (10) explain this

windkessel model.

= _ 7
Q, Cdt (7)
_P 8
Q,= x 8
_cdP P 9
QM=C e ©)
_ _t 10
P(t) = P, exp( RPC) (10)
Q
0 -
P c Rp
o

Figure 3.3. Electrical equivalent circuit of two-element windkessel model.

Two-element windkessel model is effective on low frequency condition. The developed
vascular model, three-element windkessel, consider high frequency condition for the

impedance characteristic of aorta, so this model adds the resistance of arterial
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characteristic, as shown in Figure 3.4. [90-92] Relationships between BP and the blood

flow indicate in equation (11) and (12).

dPC(P) ® . Py ®
dt Ry

Qi(t):C

dP(t) _ dQ(t)
P +RC === (R+Z)Q () +ZRC—

P C % Ry

O

Figure 3.4. Electrical equivalent circuit of three-element windkessel model.

(11)

(12)

Four-element windkessel model includes the inertia of aorta blood flow as shown Figure
3.5. [93] Equation (13), (14), and (15) represent the total inertia of arteries, BP, and BV.

L =["c,~2dx
o " A(X)
dPCP t
d.(®) _ Z, Zog
T Q M)+ 3 Q ()
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O

Figure 3.5. Electrical equivalent circuit of four-element windkessel model.

Equation (4) represents that BP is dependent on both blood flow (Q) and VR. Therefore,
if we find components that reflect blood flow and VR, we could estimate BP. For this
hypothesis, we would like to find these components from these models, so we assumed

that the PPG waveform had these components.

3.2.3 Methods

These tests were progressed at the thoracic surgery, and the critical care medicine in
Wonju Christian Hospital. First of all we checked the relationship between BP and the

finger PPG waveform.

3.2.3.1 Subjects and experimental protocol
The clinical test was processed with 6 patients who were 9 to 83 years and were using an

invasive blood pressure (IBP) instrument in Wonju Christian Hospital. In the test we used

non-invasive sensors however we measured data with specialists’ supervision and help.
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The patients were selected by a significant situation that we could observe changes of IBP

with patients’ stability.

Figure 3.6 shows the acquisition site of sensors that are ECG, PPG, and IBP. We used the
BP transducer and set additionally on the BP catheter in a patient monitor. ECG
electrodes used in a normal way and the PPG sensor was set on the index fingertip.

During the tests we never artificially changed patients’ BP.

BP catheter

Patient 3
Monitor -

ﬁ
& . [PPG Signal
1T \\ Acquisition
~ Instrument
BP

Transducer PPG Sensor

Figure 3.6. Acquisition sites of sensors for clinical tests.

3.2.3.2 Sensor
In this study, sensor devices were classified into two classes. One was for the relationship

between the finger PPG waveform and BP, the other was for the relation between the

finger PPG waveform and physiological conditions. Figure 3.7 shows cross sections of
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sensor. Sensor was designed for acquiring data at index finger in the measured region.
Optical sensors were made of LEDs which could radiate 640 nm and 940 nm wavelengths
and a photodetector which had the center frequency response on 900 nm.

Temperature sensor

Figure 3.7. Cross sections of sensor. Illustration showing the cross section of the finger.

3.2.3.3 Data acquisition and analyzing

To acquire data, we used a Power Lab (AD Instrument Co.) and acquired IBP, ECG,
reflected red BV data, reflected red VR, reflected infra-red BV, reflected infra-red VR.
Figure 3.8 shows an acquisition program that is the Chart4 for the window. The sampling
rate was 200 Hz. The data acquisition was for comparing and analyzing data. The data
processing was operated off-line. We used software which is LabVIEW for Windows XP.

We used multi-regression methods for analysis of correlation between the finger PPG

waveform and BP with a program, which is SPSS 12.0 for Windows XP. In the analysis
we set a dependent variable IBP waveform and independent variables BV and VR.
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Figure 3.8. Power LAB data acquisition window.
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3.2.3 Results

In multi-regression analysis, correlation coefficients were 0.722 + 0.090 for SBP and
0.831 + 0.113 for diastolic blood pressure (DBP) (p < 0.01). Standard errors of the
estimate were 1.938 + 2.280 mmHg for SBP and 1.647 + 2.390 mmHg for DBP. Results
refer to the propriety for using dependent and independent variables in these tests. (Table

3.1,3.2)
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Table 3.1. Model summary.

R L
0.601 0.361 0.360 0.89916 P<0.01 (const.), Is, IRsys IBP_SYS

. 0.794 0.630 0.630 0.65121 P<0.01 (const.), Is, IRdia IBP_DIA
0.747 0.558 0.555 0.86577 P<0.01 (const.), Is, IRsys IBP_SYS

’ 0.915 0.837 0.836 0.46205 P<0.01 (const.), Is, IRdia IBP_DIA
0.736 0.542 0.538 0.81766 P<0.01 (const.), Is, IRsys IBP_SYS

’ 0.952 0.906 0.905 0.33244 P<0.01 (const.), Is, IRdia IBP_DIA
0.648 0.421 0.418 1.04260 P<0.01 (const.), Is, IRsys IBP_SYS

) 0.839 0.704 0.703 0.69652 P<0.01 (const.), Is, IRdia IBP_DIA
0.859 0.738 0.735 6.57014 P<0.01 (const.), Is, IRsys IBP_SYS

° 0.855 0.732 0.729 6.48257 P<0.01 (const.), Is, IRdia IBP_DIA
0.743 0.551 0.547 1.43243 P<0.01 (const.), Is, IRsys IBP_SYS

° 0.630 0.397 0.391 1.25764 P<0.01 (const.), Is, IRdia IBP_DIA

IBP_SYS = Invasive systolic blood pressure, IBP_DIA = Invasive diastolic blood pressure
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Table 3.2. Coefficient.

Model Unstandardized Cgttaglg;ergts i Significgpce Depepdent
B Probability Variable
Error
const, 110.623 2.841 38.943 0.000 IBP_SYS
IRsys ~23.436. 1.193 -19.651 0.000
Is -1.236 0.380 -3.251 0.001
1 const, 79.874 1.942 41.134 0.000 IBP_DIA
IRdia ~14.756 0.810 -18.216 0.000
Is -5.372 0.322 ~16.668 0.000
const, 168.483 5.481 30.739 0.000 IBP_SYS
IRsys —47.204 2.276 -20.743 0.000
Is -1.906 0.484 -3.942 0.000
2 const, 129.182 2.638 48.971 0.000 IBP_DIA
IRdia -35.755 1.087 -32.902 0.000
Is -1.956 0.309 -6.327 0.000
const, 166.850 9.153 18.229 0.000 IBP_SYS
IRsys —43.582 3.620 ~12.039 0.000
Is —7.570 0.549 -13.796 0.000
3 const, 139.276 3.295 42.274 0.000 IBP_DIA
IRdia -38.679 1.299 -29.784 0.000
Is -4.145 0.216 -19.232 0.000
const, 109.123 3.384 32.244 0.000 IBP_SYS
IRsys -20.482 1.186 -17.268 0.000
Is -6.756 0.453 -14.913 0.000
4 const, 100.576 2.176 46.227 0.000 IBP_DIA
IRdia -23.549 0.759 -31.016 0.000
Is -5.213 0.235 -22.157 0.000
const, 3886.661 168.078 23.124 0.000 IBP_SYS
IRsys —473.364 21.364 -22.157 0.000
Is -0.327 0.243 -1.349 0.179
> const, 3730.533 164.810 22.635 0.000 IBP_DIA
IRdia —456.255 20.941 -21.788 0.000
Is -0.353 0.239 ~1.475 0.142
const, 703.017 47.942 14.664 0.000 IBP_SYS
IRsys ~124.619 10.860 -11.475 0.000
Is -7.229 30.467 -0.237 0.813
° const, 486.380 44.439 10.945 0.000 IBP_DIA
IRdia -86.767 10.051 -8.633 0.000
Is -20.229 27.288 -0.741 0.459

IBP_SYS = Invasive systolic blood pressure, IBP_DIA = Invasive diastolic blood pressure
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3.2.3.1 Blood pressure estimation

According to clinical test, we are able to lead followed equations.

IBPSYS = aSYS IRSYS + bSYS I S + CSYS (16)

IBPDIA = dpa IRD|A + bDIA I s T Cpoia 17)

where IBPgys indicates SBP, IBPp,s indicates DBP, IRsys indicates systolic BV, IRpja

indicates diastolic BV, Is indicates VR.

The reason why we establish individual multi-regression equations, PPG waveform is
dependent on each model when we estimate BP. This condition comes from physical
differences of patients. Therefore we concentrate on signs of correlation coefficients as
Table 3.3.

Table 3.3. Correlation coefficient and sign.

CORRELATION COEFFICIENT SIGN
a Negative
b Negative
c Positive
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3.2.4 Discussion

SBP and DBP are proportioned to BV and inverse-proportioned to VR without constant
terms. Therefore PPG waveform from the artery is proposed a basis to detect BP. We are
also able to get transitions BV and VR when PPG waveform is acquired during long term.
These processes can predict the change of BP. From the experimental result, we
discovered the possibility that we can develop the system which complements the weak
points of existent cuff BP measurement by offering both accuracy and convenience.

3.2.5 Summary of findings

Preceding studies have shown PPG waveform resembles BP waveform and varies. Some
investigators also have studied this relationship to explain complex hemodynamic
characterization. The purpose of this study is to make a trial of finding arterial BP using
PPG waveform. This new attempt is based on the theory that BP consists of the change of
BV and the resistance of vessels. This study proposes a method to estimate BP from PPG
waveform and points to be considered when we use this method. From the experimental
results, we suggest the relationship of the estimation of BP from PPG waveform. When
PPG waveform is normalized by CF and SST, this PPG waveform offers more accurate
estimation of BP. However, these effects ignores with limits in this test, so we could
regard as we use normalized PPG waveform. This study could be able to provide a new

BP measurement system that has not only convenience but also accuracy.
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3.3 Non-invasive estimation of systolic blood pressure and

diastolic blood pressure using PPG components

3.3.1 Introduction

BP is an important parameter in the evaluation of cardiovascular function and status. It
has generally been accepted that BP control is significantly affected by the resistance in
the peripheral vessels and CO that correspond to BP control during systole and diastole,
respectively. The cardiovascular system is a closed loop comprising the heart and blood
vessels; its internal pressure is continuously changing due to changes in BV and vascular
capacity. On the basis of this physiological foundation, change in blood flow and vessel
status can be evaluated by monitoring the change in BP [94-96].

According to these previous studies, it is possible that the DC component reflects change
in BV, and the AC component reflects vascular compliance and resistance. Moreover, a
PPG waveform can provide useful physiological information for evaluating the
cardiovascular system along with BP. Previous studies have researched these

relationships with NIBP, general BP range or only one PPG component.

In this study, forced hemodynamic changes were induced via commonly used cardiac
stimulants in an animal experiment, and the PPG components recorded by a noninvasive
method at the peripheral blood vessels were compared with IBP findings. In addition, the
cause of a BP change induced by the infusion of dopamine and epinephrine was evaluated
via a pharmacological approach. Thus, the possibility of evaluating the cardiovascular

system by using the PPG components was investigated.
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3.3.2 Methods

The experimental protocol was reviewed and approved by the Animal Research

Committee of the Wonju College of Medicine, Yonsei University.

3.3.2.1 Subjects and experimental protocol

The study subjects included 6 dogs (20-25 kg), regardless of the gender. After an
intramuscular injection of 25 mg/kg ketamine sulfate, endotracheal intubation was
performed and anesthesia was maintained with 2% enflurane. Each anesthetized dog was
fixed on a stand, and its respiration was maintained using an artificial ventilator. Figure
3.9(a) shows the positions of the direct BP sensor for IBP, ECG electrodes, and PPG
sensors. IBP was monitored by inserting a microtipped catheter into the right femoral
artery, and PPG waveform was measured at the dog’s tail because the tail is one of easiest
areas to set a PPG sensor and one of best areas to acquire precious vascular information.
The overall experimental procedure is shown in Figure 3.9(c). The experimental animals
were stabilized for 15 min after the experimental preparation was completed. To induce a
hemodynamic change, 16 mg/mL of diluted dopamine was injected into a vein for 2 min
at the rate of 20 pg/kg ~ min-1 by using an infusion pump. Thereafter, the infusion pump
was ceased, and 1 mg of epinephrine was intravenously injected in order to induce a

stronger hemodynamic change.
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Figure 3.9. (a) Sensor positions in the animal experiment; (b) External view and cross
section of contact pressure-fixed type sensor; (c) Flow diagram showing the course of

experiment in this study.

3.3.2.2 Expected hemodynamic changes

Considering the pharmacological properties of dopamine and epinephrine, these two
drugs are established as important frequently used cardiac stimulants [97-99]. Dopamine
(3, 4- dihydroxyphenylethylamine) is a precursor of norepinephrine and is produced by
the decarboxylation of dihydroxyphenylalanine (dopa) during the biosynthesis of
catecholamines [100]. It is metabolized by monoamine oxidase (MAO) and catechol O-

methyl transferase (COMT), and it becomes inactive after destruction in the digestive
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tract. During dopamine medication, depending on the concentration, it exhibits different
hemodynamic effects on dopaminergic, f1-adrenergic, and al-adrenergic receptors. In
most cases, 160 mg dopamine is diluted in 100 mL of glucose solution to obtain a
concentration of 16 mg/mL for i.v. administration. Different hemodynamic effects are
exhibited depending on the dose [101, 102]. At a low dose (0.5-3.0 pug/kg * min-1), it
mainly activates the dopaminergic receptor. At an intermediate dose (3.0-7.0 pg/kg ‘'min-
1), dopamine activates the p1-adrenergic receptors to increase HR and CO. At a high dose
(> 10 pg/kg'min-1), it mostly activates the al-adrenergic receptors in the vessels, and

vascular constriction raises BP [101, 103, 104].

Epinephrine is a hormone secreted from the adrenal medulla and is also known as
adrenaline. Epinephrine is accepted as a stimulation transmitter in the sympathetic nerve,
and epinephrine injection excites the P1-adrenergic receptors in the heart to enhance
myocardial contraction via positive inotropic effects. Epinephrine increases HR via
positive chronotropic action and enhances the irritability of the cardiac muscle via
positive bathmotropic action. Its positive dromotropic action reduces stimulus conduction
[105, 106]. Thus, CO increases; however, cardiac efficiency is reduced because of the
remarkable increase in oxygen consumption in the cardiac muscle [99]. A significant
reduction in systole than in diastole is observed in the heart activated by epinephrine.
Conclusively, the total number of diastoles per minute increases with CO [98, 104].
However, if HR is increased beyond the physiological range, sufficient relaxation will not
occur; therefore, CO will be reduced. Epinephrine in the vessels simultaneously activates
the a-receptor and B-receptors, but the activation of the a-receptors is dominant and
manifested as vasoconstriction. Epinephrine is the strongest agent for increasing BP, and
an abrupt increase in BP is noticed depending on the i.v. injection dose [105]. This rise in
BP results from increased CO due to enhanced myocardial contraction and HR. Moreover,
SBP increases abruptly to a value more than DBP, i.e., pulse pressure increases [97, 99,
106].
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3.3.2.3 Data collection and analysis

PPG waveform is influenced by external factors such as the distance between the light
source and the photodetector, CF, and temperature [107]. In our experiment, a band type
PPG sensor (MAX-N, Nellcor, Pleasanton, CA, USA) was used to monitor the change in
the waveforms obtained from the cardiovascular system and minimize the effect of CF
[72]. To minimize the effect of temperature [108], ambient temperature was maintained at
24 + 0.7°C. To measure PPG waveform, an infrared light-emitting diode (LED) with a
center wavelength of 890 nm and a photodetector with a center wavelength of 900 nm
were used. The signal was measured in the transmission mode. The DC component of
PPG waveform was detected by the photodetector, using an analog low-pass filter with a
cutoff frequency of 20 Hz. Then the AC component of PPG waveform was extracted
using a high-pass filter with a cut-off frequency of 0.15 Hz. Power Lab (ML880,
ADlInstruments, Bella Vista, NSW, Australia) with a 12-bit A/D converter was used to
acquire signals at a sampling rate of 200 Hz per channel and digitize them. A constant
current source circuit was used to drive the LED, and the amplification ratio was kept

constant.

A pressure transducer (SPC-350, Millar Instruments,Houston, TX, USA) was used to
measure IBP, and the signals were acquired at a sampling rate of 200 Hz using Power Lab.
The acquired data was additionally analyzed with LabVIEW 8.2 (National Instruments).
HR was detected from the ECG signal using a set of automatic programming routines
involving the zero-crossing-Based QRS detection algorithm [109]. SBP, DBP, and PPG
components were detected using a set of automatic programming routines involving low-
pass filtering, zero-phase filtering, differentiation, and threshold peak/foot detection

algorithm.

Figure 3.10 shows that the PPG signal has the following components: transmission
current (lt), absorption current (1), pulsation current (Is), and cycle (R), which are
related to the total current (lp). I is inversely related to tissue blood volume, while Is is
proportional to increase in blood volume during contraction periods. R is the actual

cardiac cycle. Transmission and pulsation currents (I and Is) usually fluctuate in a low-
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frequency range such as the respiration rate. Low-frequency fluctuation in the cardiac
cycle is mainly controlled by the sympathetic nerve [110]. Variation in blood flow (I and
Is) is generated due to vasoconstriction and vasodilation, both of which are significantly
affected by the sympathetic nervous system [111]. Therefore, PPG waveform specifically
provides information regarding blood volume as well as that on blood pumping and its
transportation status [21]. The I+ component is used in studies that measure BV, while the
Is component validates the existence of resistance in studies on the vascular compliance

with the cardiovascular system, such as hypertension [112].

Low-frequency fluctuation of Iy and Is originates from automatic variations in the
sympathetic nerve activity. Activation of the sympathetic nerve leads to vasoconstriction.
This is the result of low compliance (high resistance) in the arterial system and reduction
in blood flow in tissue, which results in the increase of I+ and reduction of Is [28, 113-
115].

To monitor the hemodynamic change induced after the drug injection, HR, SBP, and DBP
were measured every 30 sec for 15 min. For normalization, these parameters were also

measured for 30 sec before the drug injection.

The absolute values for the DC and AC waveforms in PPG waveform were in different
ranges because of the anatomical differences in the measured area for each subject. To
compare the results of all the subjects under the same conditions, the average value for 30
sec before the injection was set at 1 and the average value for every 30 sec was
normalized to analyze the 15-min data. These were used for comparing the changes in the
PPG signal components with IBP changes. With regard to the values of the PPG
components, transmission current during systole (lrs,s) and transmission current during
diastole (ltqi) were detected from the foot and peak of the DC signal, respectively.

Pulsation current (Is) was analyzed by the amplitude of the AC signal.
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Figure 3.10. (a) IBP and PPG waveform from

animal experimentation; (b) PPG

components for analyzing. Just before 23:20, dog’s tail moved so it caused a temporary

fluctuation in PPG components. However, our data analysis focused from cardiac

stimulation. (IBP): invasive blood pressure.

3.3.2.4 Statistical analysis

The statistical program used in this study was SPSS 12.0 (SPSS Inc, Chicago, IL, USA)

for Windows. Statistical analyses were performed to evaluate the difference in response

of data between two points of drug administration time for IBP, HR and PPG components
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by the Student t-test. The changes in the IBP, HR, and PPG components were expressed
as means with standard deviations. Pearson’s correlation coefficients were evaluated via
the correlation analyses of the PPG components and IBP. For all statistical analyses, p <

0.05 was considered significant.

3.3.3 Results

3.3.3.1 Variation in invasive blood pressure and heart rate

During the first 2 min of dopamine injection at the rate of 20 pg/kg 'min-1, SBP
increased from 92.3 £ 12.69 mmHg to 108.7 =+ 20.23 mmHg, while DBP increased from
66.1 + 10.75 mmHg to 81.8 + 18.22 mmHg. After cessation of dopamine administration,
BP slightly reduced. After the intravenous (i.v.) injection of epinephrine, SBP, and DBP
significantly increased from 102.6 + 18.44 mmHg to 214.5 + 23.82 mmHg and from 76.7
+ 18.28 mmHg to 153.0 + 15.17 mmHg, respectively. BP was observed to be a maximum
2-3 min after the injection of epinephrine. In addition, the pulse pressure, i.e., the

difference between SBP and DBP, also increased.

HR before drug injection was 91.4 + 12.69 bit/min, and the maximum HR was 122.9 +
13.75 bit/min at 4 min after drug injection. During the injection of dopamine, HR tended
to show a consistent elevation. After the i.v. injection of epinephrine, HR increased for 1

min and then reduced slightly (Figure 3.11).
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Figure 3.11. Response of blood pressure and heart rate to intravenous infusion and
injection of cardiac stimulants. Systolic blood pressure (Systolic) and diastolic blood
pressure (Diastolic) were monitored continuously by an invasive method. Heart rate was
calculated from ECG. Points represent average values over a 30 sec period. Data shown
as mean and SD. * p<0.05, ** p<0.01: significant increase / decrease.

3.3.3.2 Variation in the PPG Components

Before injection, the average values for 30 sec of DC and AC components of PPG
waveform were set at 1. After the injection, the average values for every 30 sec were
normalized. After the drug injection, the changes in Iy, (foot of the DC component of
PPG waveform) and l4i, (peak of the DC component of PPG waveform), which reflect
changes in BV, were minimal with values of 0.70 + 0.035 and 0.71 + 0.035, respectively,
at 5-6 min. The variations in Is (amplitude of the AC component of PPG waveform),
which reflect changes in vascular compliance and resistance, were maximized with the
value of 1.024 + 0.273 at 11-13 min (Figure 3.12).
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In regards to the variation in I+ (the DC component of PPG waveform) according to
change in IBP in all the subjects, an increase in IBP indicated a significant reduction in
Itsys and I1gio. In addition, the correlation coefficient between I, and SBP as shown in
Table 3.4 was 0.939 (p < 0.01). It was 0.942 (p < 0.01) for DBP and lgj,. From these
findings, a high correlation could be determined between IBP change and variation in the

DC component of PPG waveform (Figure 3.13, Table 3.4).

PPG Components ——Foot of PPG DC (lysys)
—s—Peak of PPG DC (l14;a)

—— Amplitude of PPG AC (ls)
(n () (m)
**

p=0.155 34

Time(min)

Figure 3.12. Response of PPG components (l+: foot and peak of the DC component of
PPG, Is: amplitude of the AC component of PPG) to intravenous infusion and injection of
cardiac stimulants. PPG were continuously measured by a non-invasive method, and
normalized in order to compare the results of all the subjects under the same conditions.
Points represent average values over a 30 sec period. Data shown as mean and SD. *

p<0.05, ** p<0.01: significant increase / decrease.
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Figure 3.13. Relationship between invasive blood pressure (IBP) and the DC component
of PPG (l1). (a) Systolic blood pressure vs. foot of the DC component of PPG (lrss); (b)
Diastolic blood pressure vs. peak of the DC component of PPG (Irsys).
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Table 3.4. Correlation and significant coefficients between invasive blood pressure and PPG component.

N =180
Heart Rate Systolic Diastolic Ireys l1gia
) Pearson Correlation 0.487** 1.000
Systolic ) )
Sig. (2-tailed) 0.000
Pearson Correlation 0.586** 0.982** 1.000
Diastolic ) ]
Sig. (2-tailed) 0.000 0.000
| Pearson Correlation -0.426** -0.939** -0.936** 1.000
s Sig. (2-tailed) 0.000 0.000 0.000
| Pearson Correlation -0.434** -0.938** -0.942** 0.998** 1.000
T Sig. (2-tailed) 0.000 0.000 0.000 0.000
| Pearson Correlation 0.061 -0.103 -0.144 0.061 0.097
° Sig. (2-tailed) 0.414 0.170 0.053 0.415 0.193

** Correlation is significant at the 0.01 level (2-tailed). Foot of the DC component of PPG (l,s), peak of the DC component of PPG (l1y), amplitude of
the AC component of PPG (ls).
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3.3.4 Discussion

This study aims to investigate the relationship between IBP and the PPG components.
The major purpose of this study was to investigate the possibility of monitoring the status
of the cardiovascular system by using a noninvasive and inexpensive optical device, and
provide information regarding the same. The change in the cardiovascular system due to
cardiac stimulants, such as a change in IBP and the PPG components, was detected and
analyzed by the presented animal experiments. The results indicate that the PPG
components have a clinical potential to monitor BV, VR, and BP. Therefore, a
noninvasive and easy monitoring method for the evaluation of cardiovascular function

was proposed.

At a high dose, dopamine enhances myocardial contractility and CO through increased
HR, resulting in an increase in SBP. In addition, DBP increases due to enhanced
vasoconstriction [101, 105]. For the first 2 min of dopamine infusion, SBP and DBP

showed an identical increase with HR. This indicated a distinctive reaction of dopamine.

After the epinephrine injection, we confirmed that the increase in SBP was more than that
in DBP. Thus, pulse pressure increased. Hence, dopamine and epinephrine, the
experimental cardiac stimulants, were confirmed to increase HR. Among the

hemodynamic reactions, the change in HR was faster than that in BP (Figure 3.11).

The measured signals in our animal experiment were IBP and PPG waveform. PPG
waveform measures the transmission of light through tissue as a function of time. Due to
the increment in BV in the tissue during systole, PPG waveform shows low transmission.
In addition, light transmission is pulsating along with the cardiac cycle (Figure 3.10)
[113].

Increased BP due to dopamine and epinephrine can be analyzed by the increase in CO

based on pharmacological basis [104, 116]. Therefore, reduction in Iy and Irgi by the

injection of dopamine and epinephrine can be explained by the increase in CO. Is, which
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corresponds to vascular compliance, did not reveal any significant change after the
dopamine and epinephrine injection. Even though after the injection of epinephrine the
pulse pressure increased, a constant Is can be explained by vasoconstriction. In addition,
the maximum variation in Is was found at 11-13 min, and it can be elucidated by the
physiological relaxation of the peripheral vessels to reduce increased BP (Figure 3.12).
On the basis of this result, we confirmed the possibility that a change in the

cardiovascular system can be detected by measuring the PPG components noninvasively.

Hemodynamic variations induced by dopamine and epinephrine could be confirmed by
the increase in HR and BP, as shown in previous studies. Direct changes in BP due to
dopamine and epinephrine and indirect changes in the vascular condition due to the

hemodynamic variations were compared and analyzed through the animal experiment.

Previous studies on the effects of medical agents on the cardiovascular system have
reported that a rise in BP is induced by increased static volume of blood in the vessels of
the measurement area [97-99]. Our results are in close agreement with those of previous
studies. Variation in the DC component of PPG waveform, which was noninvasively
measured at the periphery, could be confirmed to have significant relationships with 1BP
(Irsys Vs. systolic: r = -0.939, p < 0.01; lygia vs. diastolic: r = -0.942, p < 0.01) (Table 3.4).
Together with the DC component, the AC component of PPG waveform, which reflects
vascular compliance and resistance, can show the physiological change in the
cardiovascular system. Therefore, the AC component can predict increase and reduction
in VR.

The undeniable advantage of PPG lies in its non-invasiveness and minimal restriction to
patients [72]. In addition, PPG in conjunction with pulse oximetry, which is usually used
for patient monitoring, can predict the change as well as the pattern of change in the
cardiovascular status [21]. Moreover, PPG can be obtained from various locations in the

human body, is rather inexpensive, and is a small-sized portable optical device [71, 117].

Thus, it fulfills the developmental conditions for a personal health monitoring and mobile

physiological monitoring device. Although absolute accuracy in evaluating the
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cardiovascular system may not be achieved, PPG components may be useful for indirect
monitoring of the cardiovascular function and status. Analysis results of PPG components
along with physiological changes induced by medical agents will provide useful clinical

information to a doctor.

3.3.5 Summary of findings

PPG waveform is a noninvasive optical technology that detects changes in BV in the
vascular system. This study aimed to investigate the possibilities of monitoring the
cardiovascular system status by using PPG waveform. Forced hemodynamic changes
were induced using cardiac stimulants; dopamine and epinephrine, and the PPG
components were recorded by a noninvasive method at the peripheral blood vessels. The
results were compared among 6 dogs. Endotracheal intubation was performed after an
intramuscular injection of 25 mg/kg ketamine sulfate, and anesthesia was maintained with
2% enflurane. After stabilizing the animals for 15 min, 16 mg/mL diluted dopamine was
injected into a vein for 2 min at 20 pg/kg min-1 by using an infusion pump. Thereafter,
the infusion pump was stopped, and 1 mg epinephrine was injected intravenously. Fluid
administration was controlled to minimize preload change in BP. After stimulant
administration, SBP and DBP increased. The DC component, which reflects changes in
blood volume, decreased while the AC component, which reflects changes in vascular
compliance and resistance, increased. The correlation coefficient between SBP and the
foot of the DC component was 0.939 (p < 0.01), while it was 0.942 (p < 0.01) for DBP
and the peak of the DC component. The AC component could predict the increase in VR
from a stable pulse BV, even with increased pulse pressure. These results support the
possibility that PPG components may be used for easy and non-invasive measurement of

hemodynamic changes in the cardiovascular system.
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3.4 Conclusions of relationship study

In this chapter, humans and animals were used to examine the utility of finger PPG
waveform as a BP monitoring tool. PPG waveform change involves actual change of
cardiovascular status from the subject, which depicts a more realistic representation of BP
change. Two relationship studies for comparing BP and normalized PPG waveform have
been investigated, both showing encouraging results: first was human relationship
analysis in section 3.2, which involved the validation of the findings from BP change;
second was animal relationship analysis in section 3.3, which involved computation of
morphology measures from BP change with cardiac stimulants. In the former case, it was
shown that shortening of PPG waveform change could induce BP change. More
interestingly, progressive BP change is characterized by increase or decrease trend in PPG
waveform that reflects BV and VR change, which are accompanied by effect or cardiac
stimulants at a later stage. These results are in agreement with those obtained from blood
flow model, and provide further evidence that monitoring trends in PPG waveform
features can possibly be a non-invasive and convenient way of identification of BP
change. Therefore, the originality of relationship study is that PPG waveform only use to
estimate BP and established components represent the components of cardiovascular
status that can summarize changes in BP.

The two major limitations of using relationship study are the inability to control the rate
of BP change in human and the presence of physiological stress associated with cardiac
stimulants in animal. Real life PPG waveform is often associated with various
physiological or psychological condition changes, so these conditions have to consider
for BP detection.
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Chapter 4 Compensation study
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4.1 Overview

This chapter presents that graded CF change and SST change were used as models to
simulate the cardiovascular response to mild environment effects. The first model is the
effect of CF and the second model is the effect of SST. Although graded CF and SST do
not involve an actual change in BP, these can give the effect of progressive change in
central BP similar to that which occurs during local vasoconstriction and vasodilatation.
The experiments of compensation investigate the usefulness of the normalized finger
PPG waveform features for identification of BP change. Section 4.2 starts with the
investigation of effect of CF from measurement area. Section 4.3 then explores the
change in the finger PPG waveform derived normalized PPG waveform during SST

change at measurement area induced progressive vasoconstriction and vasodilatation.
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4.2 The effect of contact force on PPG signal

4.2.1 Introduction

X F Teng and Y T Zhang well researched about the effect of contacting force on PPG
signals. The followed information is the summary of their study.

The PPG signal is affected by CF between the PPG sensor and the measurement area as
the shape of artery can be deformed by compression. The AC amplitude of reflective PPG
signal may be influenced by the pressure applied on the skin by the transducer [118] and
the amplitude increased when the pressure applied [119]. With the increase in the CF at
the fingertip, the DC component of the reflective PPG signal measured at the finger nail
had a corresponding changing trend [120]. Previous studies also investigated the
influence of different applied brachial recording forces on arterial pulse waveform
measured in brachio-radial arterial segment [121, 122]. Only a few studies have given an
analysis of the effect of CF on PPG signal waveform. Therefore, in this study, a series of
CF were exerted on the reflective finger PPG sensor and the characteristic changes of the
signals were examined, including the AC and DC components of PPG waveform. With
the increase in CF, which might significantly reduce vessel diameter, the signal waveform

was expected to change due to local distortion and change in light path. [72]

4.2.2 Methods

4.2.2.1 Data collection
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This experiment was carried out for 58 subjects (male: 42, female: 16, age: 28.9 + 7.23)
from 20 to 53 years old. All the subjects had no cardiovascular diseases except
hypertension or hypotension and were under no treatment with the medicine. Before the
experiment, all the subjects were educated about the experiment and wrote down the
consent to participate in the study. The experimental protocol was reviewed and approved
by the Clinical trial Research Committee of the Wonju College of Medicine, Yonsei

University.

The compensation test of PPG waveform for CF was carried out by changing CF

gradually(0.030 ~ 0.100 Kgf/m) while maintaining the SST of the subjects hand

measured by the temperature sensor constant (higher than 32°C) within the range of the

transmural pressure to prevent the signal distortion due to the damage by external
pressure [18, 123].

In the experiment, the subjects were made to take the rest till their SST was stabilized and
the measurement range of the pressure sensor was divided into stages where the patients
did not feel uncomfortable. At this time, while CF is maintained at each stage, PPG
waveform responding to the stepwise contact pressure was obtained. The measurement
was made for about 10 sec at each stage, and the stages were divided into 8~16. A visual
display was used to monitor and maintain the applied contact force to the subjects for the

real-time feedback and the test was repeated 3 times.

4.2.2.2 Data analysis

PPG signal includes the elements like the reflection current (lg), the absorption current
(1a), the pulsation component current (Is) and the period (R) related with the whole
supplied current (ly). I is inversely proportional to the blood volume of the organ, Is is
proportional to the increase of the blood volume in the organ during the contracting

period, and R is the actual period of the cardiac circulation.
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PPG signal was analyzed offline using LabVIEW. For each pulse, DC amplitudes, AC
amplitude, and period were calculated. The difference in PPG signals between two levels
of CF was analyzed by the Student t-test. p < 0.05 was considered statistically significant.

All results are presented as mean + SD.

4.2.3 Results

The change of PPG waveform according to the change of CF was investigated by
Mascare and Asada [120] and X F Teng and Y T Zhang [72]. In their experiments, it was
confirmed that the DC and AC components according to the increase of CF tend to
increase linearly only in the specific range by the personal physiological differences.
Figure 4.1 is the result of the experiment when CF was increased stepwise for each

person.

An example of the four traces of an original recording is shown in Figure 4.1. It includes
PPG AC signal, PPG DC signal, temperature and CF.

Table 4.1 gives the correlation between PPG waveform and contact pressure in the form

of mean £ SD. During the experiment, there were significant changes in PPG AC and DC
signal (p < 0.001).
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Figure 4.1. Change of PPG waveform according to change of contact force measured by compensation experiment of this study.
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Table 4.1.  Analysis of the correlation between PPG signal and contact pressure.

Independent Variable Dependent Variable R Adjusted R? T Sig.
IRsys 0.92+0.054 0.85+0.100 25.21+14.216
Contact force IRdia 0.93+0.051 0.86+0.094 26.63+14.427 0.000
Is 0.87+£0.042 0.75£0.075 15.18+£3.918
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4.2.4 Discussion

4.2.4.1 Amplitude related changes with contact force

At X F Teng and Y T Zhang study, the coefficients were about 10%. These results are
consistent with a previous report that the coefficient of variability of pulse amplitude is 11%

when signals are obtained from the fingers of healthy subjects [124].

When CF applied on the PPG sensor is increased, the arterial wall begins to flatten, as the
result of compression, and the external pressure caused by CF approaches the intra-
arterial pressure. The difference between the intra-arterial pressure and external pressure
is defined as transmural pressure [72].

From the viewpoint of the arterial wall properties, the AC amplitude increases as CF
increases up to a certain point where the transmural pressure goes to zero [125, 126].
After that peak point, the AC amplitude decreases since the artery begins to be occluded.
Eventually, the artery is pushed against bone and the distal arterial wall will eventually

flatten completely and the pulsation will disappear [72].

In X F Teng and Y T Zhang experiment, it was found that the DC amplitude of reflective
PPG signals significantly increased when CF changed. Gradual increases of CF derive
progressive decreases in the vessel diameter. This results in pooling of arterial blood in
the capillaries underneath the fingernail. With the increase in the CF, blood vessel
diameter decreases and blood is squeezed out of the vessel into the palm side of the finger.
The decreasing BV tends to absorb less light, so more light is reflected and the DC output
of the photodetector increases. The DC output approaches an asymptotic value when the
veins are completely collapsed. Their finding is consistent with previous findings [120],

where reflective PPG signals were recorded at the fingernail. [72]

In our study, with increasing contacting force, the DC and AC amplitudes increased until

the transmural pressure. So this result supports X F Teng and Y T Zhang’s research.
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4.2.5 Summary of findings

The waveform of the PPG signal may be affected by CF between the sensor and the
measurement area. The aim of this study is to confirm X F Teng and Y T Zhang’s study.
Signals were recorded from the fingers of 58 healthy subjects. With increasing CF, the
DC and AC amplitudes increased (p < 0.001) until the transmural pressure. The results
suggest that the effects of CF should be carefully examined in the design of PPG-based
health care devices.
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4.3 Effects of local skin surface temperature during gradual

cooling and heating on the photoplethysmography

4.3.1 Introduction

PPG signal is affected by external factors, such as the method for attaching the probes to
tissue, the pressure between the probe and contact area, the subject’s alertness and
environment adaptation, and temperature, because these factors can affect the light
absorption from the photodetector [21].

The purpose of this study is to propose temperature control or compensation when
components of the PPG signal are used to evaluate vascular compliance, BP, and blood
flow. To compare diverse changes in PPG signal in relation to the changes in SST from
the measurement area, the air temperature in the chamber was controlled. After that,
physiological changes of the subjects were induced using changes in the SST of the
exposed areas. Evaluation was made by direct comparison of temperatures, PPG signal

components, and cardiovascular status induced by temperature control.

4.3.2 Methods

The experiment was conducted on 16 subjects (15 male) and all subjects were healthy
individuals who were not undergoing any drug treatment and did not have Raynaud's
phenomenon (Table 4.2). Before the experiment, all subjects underwent a training

program and signed the research participation agreement.
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All of the subjects were instructed to avoid smoking, alcohol consumption, and extreme
exercise for 12 h and to prohibit caffeine intake for 4 h before the experiment in order to
minimize factors such as exercise, nicotine, and caffeine, which can affect blood flow and
blood vessel conditions, and to obtain more reliable data in accordance with the changes
in SST [127].

4.3.2.1 Temperature Chamber Design

A polypropylene chamber that can heat and cool the skin of the hand and that was
isolated from the outside temperature was created. Silicon was used for the front hole at
the site of hand insertion. To enable observation of the fingers while performing the
experiment, monitoring windows were installed in the front and rear using acrylic. Four
cylinders were placed within the chamber, and a fan was installed in each cylinder to
enable the smooth supply of air. Small holes on the cylinder were created so that the
temperature within the chamber changes consistently as a whole and the fingers are
prevented from being directly heated or cooled. On the sides of the chamber, opening and
closing air passages were provided for air circulation within the chamber. (Figure 4.2(a).)

4.3.2.2 Measurement of temperature

The changes in finger SST in accordance with the changes in air temperature within the
chamber were obtained at the fourth finger through a contact temperature sensor
(LNTG473FW, Lattron, Korea). To measure continuous SST, a PowerLab (ML880, AD
Instrumentation, Australia) with a 12-bit A/D convertor was used at a sampling rate of
200 Hz. An infrared camera (TH5104, NEC, Japan) was used to show the finger SST
distribution for both hands at 5-min measured intervals (0, 5, 10, 15, 20, 25 min). The
SST distribution was acquired in order to observe that changing SST of five fingers per

hand in the identical way.
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Table 4.2. Physical characteristics of subjects (n=16).

Variables Min Max Mean+SD

Age (years) 23 30 26.4+2.1

Height (cm) 167 184 1741+ 4.1

Weight (kg) 60 85 724+ 65

BMI (kg/m2) 20.1 26 23.8+4.8

Resting HR (beats/min) 57.7 82.5 73.8+8.8
Resting SBP/DBP (mmHg) 102/59 135/94 1204 +10.2/77.1+115

BMI = body mass index, HR = Heart rate, SBP/ DBP = Systolic/Diastolic blood pressure.
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Figure 4.2. Temperature Chamber & the experiment Environment. (a) Model diagram of the temperature chamber (b) Experiment

equipment & environment (c) Sensors & measurement points Architecture of the Whole System Architecture.
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4.3.2.3 Measurement of PPG signal

Clip type probes (DS-100A, Nellcor, Japan) were used to minimize signal changes due to
external factors, such as CF and the distance between the light-emitting diode (LED) and
the photodetector, and to measure only the changes of PPG signal in accordance with
changes in finger SST. An infrared LED with a center wavelength of 890 nm and a
photodetector with a center wavelength of 900 nm were used; the signal was measured in

the transmission mode.

The DC and AC components of each PPG signal detected on the index fingers of both
hands from the photodetector were extracted using an analog non-inverting low-pass filter
with a cut-off frequency of 20 Hz and an inverting high-pass filter with a cut-off
frequency of 0.15 Hz, respectively. A PowerLab with a 12-bit A/D converter was used to
acquire signals at a sampling rate of 200 Hz per channel and to digitize data. The current

supplied to the LED drive and the amplification ratio was kept constant.

4.3.2.4 Measurement of cardiovascular parameters

For measurement of the middle finger of the left hand, the Finometer was used, which
non-invasively measures finger artery BP and using the Oscillometric sphygmo-
manometer (Model-53000, Welchallyn, USA) on the upper right arm, BP was measured
at 0 min and in 5-min intervals (2.5, 7.5, 12.5, 17.5, 22.5, 27.5 min).

4.3.2.5 Experiment procedure

In order to measure the changes in the PPG signal in accordance with the local finger SST

changes, a chamber enabling air temperature changes, with cooling and heating devices

and a device to measure PPG signal changes was produced. To measure cardiovascular

parameters and BP, the Finometer and Oscillometric sphygmomanometer were used.
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Temperature changes were induced (cooling: ~13.6 £ 0.6°C, heating: ~48.6 + 0.4°C) by
supplying warm and cool air using the heating and cooling devices; in the chamber, the
cooled and heated area of the subject was separated from the outside. During the
experiment, the laboratory temperature was maintained at 24.9 + 0.9°C.

One cooling experiment and one heating experiment were conducted for all subjects, and
throughout the experiment, the subjects were seated in a comfortable chair and their
hands were placed at heart level on the table, to help keep the finger steady. After body
positioning, the left hand was put in the chamber up to the elbow and the right hand was
positioned outside the chamber. For the initial 10 min of the cooling experiment and the
heating experiment, PPG signals, cardiovascular parameters, and BP were obtained in an
environment identical to the temperature in the laboratory. Next, the same data were

continuously obtained for 20 min while the temperature was changing inside the chamber.
4.3.2.6 Statistical Analysis

Statistical analysis was performed to evaluation the changes in the PPG signals and

cardiovascular characteristics with changes in local SST. The changes in the PPG

components and cardiovascular characteristics were expressed as means with standard

deviations over time. Person's correlation coefficients were evaluated via the correlation

analyses of the PPG components and SST. The statistical program used in this study was
SPSS 12.0 for Windows.

4.3.3 Results

4.3.3.1 Finger SST and blood pressure response to local cooling and heating

In both the cooling and heating experiments, the temperature within the chamber was not
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altered for the initial 10 min; in the subsequent 20 min, the temperature was raised and
lowered. The results of the changes in SST of both fingers obtained from the contact
temperature sensors, the periodic temperature image data (1, 11) using an infrared camera,
and BP, are shown as the mean and standard deviation (Figure 4.3 and 4.4).

The continuous digital BP was measured using a Finometer, and the periodic central BP
was measured using Model-53000 (Figure 4.4). The values of the changed SST and BP

before and after the experiment are shown in Table 4.3.

4.3.3.2 Variation of PPG signals during finger SST change

The components of the PPG signal obtained in the rest condition for the initial 10 min in
each case were averaged as 1; the values of the changed the components of the PPG
signal by a change in finger SST during the subsequent 20 min were normalized by the
initial values (Figure 4.5).

As seen in Table 4.4, the N is different for all subjects, which indicates the range of
changed temperature according to each subject. Correlations in relation to changes in
each component of the PPG signals as detected by changes of finger SST are also shown.
The components of the PPG signal of the right hand are similar to those of the left hand
which was directly affected by temperature changes.

Although the DC foot of the left finger (DCFL), DC peak of the left finger (DCPL), DC
foot of the right finger (DCFR) and DC peak of the right finger (DCPR) all had
differences in individual correlations in temperature increase, negative correlations were
found: —-0.86 + 0.110, —0.85 + 0.120, —0.88 = 0.195, and —0.87 + 0.188, respectively. The
AC gap of the left finger (ACGL) and AC gap of the right finger (ACGR) showed
positive correlations, 0.68 + 0.269 and 0.66 + 0.477, respectively.
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Figure 4.3. The temperature variation of left and right finger during cooling and heating in the chamber. Data are shown as the mean and
SD. (Temp): Temperature.
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Figure 4.4. Blood pressure was measured using the Finometer and Oscillometric sphygmomanometer during cooling and heating in the

chamber. Data are shown as the mean and SD. (Sys): Systolic, (Dia): Diastolic, (Temp): Temperature.
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Table 4.3. Systolic and diastolic pressure, left hand surface temperature, right hand surface temperature, and the average temperature values
& standard deviation within the chamber pre & post cooling and heating experiments.

Cooling Heating
Variables : ;
Before After Difference Before After Difference
(After— Before) (After— Before)
Systolic
122+13 132+14 13+£9% 124+12 130+12 4+11+
(mmHg)
Finometer
Diastolic
77113 82+11 88+ 79112 83+12 58+
(mmHg)
Systolic
118+11 119+11 2+7 123+10 12049 -1+5
(mmHg)
Oscillometric
Diastolic
75+11 74+11 -2+11 81+12 73112 -3+8*
(mmHg)
LeftTemp
B 34+1 21+4 -13+3% 33+2 41+1 8+3%
(°C)
RightTemp
Temperature ) 341 312 -3+2% 33+2 34+1 1+2*
ChamberTemp
C) 25+1 14+1 -11+1 25+1 49+1 24+1

*p <0.05, tp <0.01, £p < 0.001
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Figure 4.5. Changes in Photoplethysmography components in accordance with changes in
finger skin surface temperature. Data are shown as the mean and SD. (a) Left finger, (b)
Right finger.

- 65 -



Table 4.4. The correlation between normalized components of photoplethysmography signal and temperatures obtained from both fingers

in each individual.

DCFL DCPL ACGL DCFR DCPR ACGR

Correlation P-value Correlation P-value Correlation P-value Correlation P-value Correlation P-value Correlation P-value

Min —-0.63 0.00 -0.59 0.00 0.94 0.00 -0.23 0.77 -0.26 0.74 -0.20 0.80
Max -0.98 0.00 -0.98 0.00 0.11 0.62 -1.00 0.00 -1.00 0.00 0.99 0.00

Mean+tSD  -0.86:0.110 0.00+0.000 -0.85+0.120 0.00+0.001 0.68+0.269 0.07+0.169 -0.87+0.196 0.09+0.193 -0.87+0.188 0.10+0.190 0.66:+0.478 0.13+0.286

N = The range of changed temperature, DCF = DC foot, DCP = DC peak, ACG = AC gap, L = Left, R = Right.
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4.3.4 Discussion

4.3.4.1 Finger SST and blood pressure response to local cooling and heating

The results of the initial 10 min of the test in rest conditions before heating and cooling
did not indicate any significant changes or effects. Although individual vasoconstrictions
and vasodilatations of the subjects appeared, this occurrence results from the natural
process of temperature control, so there was no occurrence of factors that affected the
data trend. The method employed in this study was the application of temperature
stimulation in air; this stimulation was relatively low. Changes in the finger SST of the
subjects for each 20 min experiment period decreased in the cooling process and
increased in the heating process along with temperature changes of the chamber.

The SST data from the fourth finger was compared with the SST data from the free finger
from sensors using an infrared camera; this comparison was performed under the
assumption that all fingers have similar SST distributions, because healthy subjects

without cardiovascular disease were tested.

During the experiment, the left hand was placed inside the chamber while the right hand
was placed outside, so the SST of the left hand, which was directly affected, showed more
rapid changes in accordance with the temperature changes within the chamber than the
right hand (Figure 4.6 left hand 16°C~41°C, right hand 27°C~35°C). The results of the
SST changes using the infrared camera can be seen to be identical to those of the contact
temperature sensor (Figure 4.3). After the SST reached 24°C in the chamber during the
cooling experiment, the temperature change was very slight; after the SST reached 37°C

in the heating experiment, the temperature change was also very slight.

There are slight differences in the temperature change between individuals, but with
surface temperatures from 23°C to 39°C, SST changes in all subjects could be observed.
(Figure 4.6) The finger SST varied due to the physiologically proposed thermo-natural

process of the limbs and gradually changed after a sudden initial change. However, the
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reduction among subjects was not identical, due to individual physiological differences.

As seen in the experiment by Stroud [107], the data of the non-cooled right hand when
compared to the data of the left hand did not show a considerable change, but did show a
similar reduction trend; a continuous increasing trend was also seen in the heating process.
Although local cooling did not affect the other side, the finger of non-experimental hand
was affected by the mechanism of temperature control within the subjects, so correlated
results were produced. Physiological differences amongst subjects could be witnessed

here also.

In both the cooling and heating experiments, similar values of BP were obtained in both
the central and finger region for the initial 20 min, when the temperature stimulation was
not applied. However, the values were significantly different for the subsequent 20 min,
when the temperature within the chamber was raised and lowered. BP measured with the
oscillometric method was not affected by temperature; measurement with a Finometer,

which employs a PPG signal to measure BP, was affected by temperature (Figure 4.4).

By placing the finger at the same height as the chest, the effects of hydrostatic pressure
were eliminated. The changes in SBP and DBP in the experiment showed a rising trend,
different than the central BP, for which there was no change or an insignificant change.
The differences in the pre- and post-experiment values were very clear, which is thought
to be the result of the physiological change of the left hand induced by the heating and
cooling; this physiological condition is produced by the temperature adaptation

mechanism resulting from the changes in blood flow and blood vessels.
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Figure 4.6. The range of variation in skin surface temperature of both fingers between subjects in the cooling and heating experiment.
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4.3.4.2 Variation of PPG signals during finger SST change

The left side of Figure 4.7 shows a 30 min recording of the data from both hands in the
cooling experiment (Temperature, PPG DC, and PPG AC components for both hands),
and the right side shows 5 s of measured data from the left hand. It also shows the

components of the PPG signal used in this study.

The PPG signal is derived as a voltage signal generated by a photodetector for light,
which detects changes in BV; the light passes through the skin, arterial blood, venous
blood, and tissue [128]. The signal consists of DC and AC components. The DC
component represents static BV in the artery, vein, and tissue [129] and the AC
component indicates pulsed blood flow in the artery, which is influenced by the
contraction and relaxation of the heart [130]. Accordingly, the DC component reflects
change in BV, and the AC component reflects vascular status. The compositions
determined from PPG indicate the changes in BV, and when the resulting voltage value
outputted from the values of the DC components rises, BV decreases; when it falls, the
BV increases. This occurrence reflects the increase in blood flow per heart beat when the
voltage value outputted from the AC component rises, and the decrease in blood flow
when it falls [28]. The analysis is shown separately for the left and right fingers (Figure
4.5). In the results of the raised temperature in the confidence range of 22C to 38C of
the left finger, a decrease in the DC components of the PPG signal and an increase in the
AC component can be seen. The same results are shown for the right finger, although the
scope of variation is much smaller. These results are consistent with the physiological
phenomenon where vasoconstrictions are caused by the cooling process and
vasodilatations are caused by the heating process; this process is due to the effects on the
vessels of a heating and cooling reaction in a local area, based on the fact that the blood
vessels in the hand actively contract and expand to control heat [131, 132]. That is, the
cooling of the blood vessel walls causes the loss of contractive capacity, while heating
increases this capacity. However, as seen in the data, the above explanation was accurate
for the cooling process, but weaker results were produced for the heating process. This
phenomenon backs up the concept of stronger protection against cold than heat [132] in

that the cooling is observed to be more decisive than the heating in terms of the human
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body reaction.

The results demonstrate that the components of PPG signal changes are linked to body
temperature changes and support the theory that control of body temperature is achieved
mainly through blood flow control; that is, the body temperature in the environment is
controlled by the contraction and expansion of the blood vessels and the blood

distribution is controlled for the increase and decrease of heat loss [131].

This pilot study was performed on a small number of subjects and gender was not taken
into consideration. However, the definition of physiological changes based on clinical
phenomena has been explained by changes in cardiovascular status according to changes
in time, the chamber temperature, and the SST of both hands measured by the designed
hardware and clinical equipment through air cooling and heating methods that closely
match the real environment. Moreover, comparisons were made with the results of
previous studies that were performed through cold water [128]. Through these
comparisons, our proposal is clear with the use of clinical equipment using PPG signals
to explain the changes in cardiovascular characteristics and the changes in peripheral
vessels. The point is that temperature must absolutely be taken into account to evaluate
the status and functioning of the cardiovascular system through PPG signals. Temperature

will be a priority issue for a more accurate evaluation of the cardiovascular system.
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Figure 4.7. Skin surface temperature and Photoplethysmography signals during the cooling experiment. (OB): Oscillometric measurement

of blood pressure; (1T): Infrared camera measurement of temperature.
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4.3.5 Summary of findings

The purpose of this pilot study is to propose temperature control or compensation when
components of PPG signal are used to evaluate vascular compliance, BP, and blood flow.
Under laboratory conditions, each gradual air cooling and heating experiment (initial
ambient: 25 + 0.9°C, cooling: ~14 + 0.6°C, heating: ~49 + 0.4°C; Mean + SD chamber
temperature) were conducted on 16 healthy subjects (15 males, 26 £ 2.1; Mean = SD age)
who were not undergoing any drug treatment. Throughout the experiment, the subjects
were seated in a comfortable chair and their hands were placed at heart level on the table,
to help keep the finger steady. The left hand was put in the chamber and the right hand
was positioned outside the chamber. For the initial 10 min, PPG signals, cardiovascular
parameters, and BP were obtained in an environment identical to the temperature in the
laboratory, and the same signals were continuously monitored for 20 min under different
temperatures within the temperature chamber. The experimental results showed that local
temperature changes affected PPG signal and the Finometer blood pressure (Finger BP),
but not the oscillometric blood pressure (Central BP) (DC foot: —0.86 + 0.110, DC peak:
—-0.85 £ 0.120, AC gap: 0.68 + 0.269; Mean + SD correlation coefficient, Systolic Finger
BP: 13 + 8.9 mmHg, Diastolic Finger BP: 8 + 8.0 mmHg, Systolic Central BP: 2 + 7.2
mmHg, Diastolic Central BP: -2 + 10.9 mmHg; Mean + SD BP in the cooling
experiment). These results suggest that temperatures must be carefully controlled or
compensated for in the measurement of PPG signal in order to reduce for the errors in the
values when evaluating cardiovascular status through PPG signal in a local heating and

cooling treatments or in temperature variation environments.
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4.4 Conclusions of compensation study

In this chapter, the hemodynamic effect of gradual environment condition change has also
been presented. The CF and SST change has been associated with increase and decrease
of PPG waveform features. These increase and decrease of PPG waveform response
identified by joint interpretation of changing trends in local vascular condition may be
very helpful for characterizing the extent of BP change. For CF change, we followed X. F.
Teng and Y. T. Zhang [72] study that is one of golden standard. The difference is we
consider CF effect until transmural pressure because of our application of test method.
For the SST change, previous studies have applied sudden temperature change method,
such as cool water, air compressor, and so on. However, the SST of both hands measured
by the designed hardware and clinical equipment through air cooling and heating methods

that match the real environment.

These compensation studies have the two major limitations. First, the physiological
mechanisms are not exactly equal to the actual living environment. Second, the
morphological features were extracted from finger PPG waveform, which were measured
the controlled condition that other conditions are stable without focused condition. It
remains to be investigated that PPG waveform could be reliably detected under various

condition factors change.
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Chapter 5 Clinical study
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5.1 Overview

The normalized finger PPG waveform to estimate BP has been studied in Chapter 3.
Because the change in morphological features of finger PPG waveform is able to indicate
a hemodynamic response to BP change, a single measurement of morphological features
can also be a practical indicator of cardiovascular condition change. In section 5.2, the
correlation between long-term BP change and morphological features change derived
from the finger PPG waveform will be evaluated. The purpose of the clinical study is to

establish a new method estimating BP in non-invasive way.

5.2 A new approach for non-invasive measurement of blood

pressure using the normalized components of PPG waveform

5.2.1 Introduction

This study has the purpose to suggest the possibility for the design of BP measuring
system with easy accessibility while promoting the maximized comfort of the patient.
And the development of the health care system with the generated physiological
information is another purpose. Therefore, to induce the comfort and the accessibility of
the patients, the minimum restriction in the design of sensor used for the PPG
measurement was presupposed and the development of the method to measure BP only
through PPG waveform was aimed. For this, the normalized PPG waveforms of the same

condition were induced to restrict the change of PPG waveform by CF and SST of
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specific part among the external factors. The proposed method is BP measurement
method of a new finger print type which can maximize the accessibility of the patient and
the feasibility of the measurement.

5.2.2 Models

5.2.2.1 PPG waveform measured in reflection mode

As shown in Figure 5.1, the light amount, lo, from the light source can be represented as
equation (18) according to the kubelka-Munk theory.

IO————X+]0+ID (18)

Therefore, the light amount, J, detected by the photo detector can be arranged as equation
(19).

Jo =1 a,aJ_, (19)

0" 4x Tdx P
As the thickness of the finger is constant, the light amount, Ip, penetrating the finger is
constant, too. The change of the light amount detected by the photodetector can be
explained with the scattering and the absorption by the finger organs and the blood. It can

be expressed as equation (20).

di dj
=1, - —+— 20
Jo 0 dx+dx (20)

The equation (19) can be re-expressed with equation (21) by differentiating it with the

back scattering (s) and the absorption (k) coefficients.
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Jo=1p—sl—KkI+s]—s]—K]J+sl (21)

And equation (21) can be, in turn, arranged as equation (22).

Jo = Ip — kI — KJ (22)

If the light amount, lo, from the light source is constant, the changed light amount

detected by the photodetector can be expressed as equation (23).

AJo = A(KI + KJ) (23)
Based on equation (22) and (23), we can see that the light absorption of the blood is
measurable with the reflection mode. Therefore the change of blood can be indirectly

measured with PPG waveform.

Ip

Light Detector Light Source Reflection = Jo

dl / dx=—sI—KI+sJ
—dJ/dx=—sJ—-KkJ+sl

Figure 5.1. The reflection mode based on the kubelka-Munk model.
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5.2.2.2 Microcirculation model

A microcirculation model is required to evaluate cardiovascular system using PPG
waveform. PPG waveform can indirectly measure blood flow at measurement area.
Above-mentioned models concluded that peripheral blood vessels were the resistance;
however the blood vessels had various components characteristics. Therefore, a correct

model is required to more reliable evaluation of cardiovascular system.

Figure 5.2 shows the microcirculation model. Relationships between BP and blood flow
indicate in equation (24). [133]

d°Qu() , 1 dQ()
dt RC dt

1 1
1 __* 24
T Q. (1) e P, (24)

O

Figure 5.2. Electrical equivalent circuit of microcirculation model.
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5.2.2.3 Artery and capillary model

Figure 5.3 shows the artery and capillary model. Relationships between BP and blood
flow at each node indicate in equation (25), (26), (27), (28), and (29).

Q=0,=C, =Y + 20 (25)
o,m=c, “()jt‘ s P;(:) (26)
- P;{(:) 27)

L, d%At ® RO +P.O)=P, ) (28)
dZPP(t)+( 1 +&)dpp(t)+RA+Rp P.(O=P.() (29)

dt? R.C, L.~ dt R.L.C,

(Artery) (Capillary)

Pbias

O

Q

Figure 5.3. Electrical equivalent circuit of artery and capillary model.

- 80 -



5.2.2.4 Peripheral vascular model

In chapter 4, the compensation was used as normalized models of PPG waveform to
evaluate the potential application of BV change and VR change extracted from finger
PPG waveform in detection of central BP change. This model has external effects and
explain how effects blood flow and BP. Because we use PPG waveform at the peripheral
vascular area to estimate BP, we have to consider these effects and use normalized PPG

waveform.

Figure 5.4 shows the peripheral vascular model and Figure 5.5 shows BP waveform in the
peripheral vascular model. Relationships between BP and blood flow indicate in equation
(30). Equation (31) and (32) represents PPG DC component and PPG AC component,

respectively.

Q,=c, o e B0 (30)
PG (t) = ot ~ Quu () =t - P;“) (31)
T.

PPG, (t) :ﬁQPgap t) :ﬁQPmax Cﬁ (32)

Blood VVolume = Const.- DCcomponent
ABlood Volume = ACcomponent
a = constant, 3 = constant
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Pbias

Figure 5.4. Electrical equivalent circuit of peripheral vascular model.

Pp(t)

PPmax

PPlo“‘

Time

Figure 5.5. Blood pressure waveform in the peripheral vascular model.
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5.2.3 Methods

5.2.3.1 System

In this study, the reflection mode PPG waveform measuring system of the finger print
type was developed to measure BP only through PPG signal. We designed the sensor to
compensate the signal while minimizing the external factors due to CF and SST of the
finger.

As shown in Figure 5.6, the whole system can be largely divided into the sensor unit to
measure CF and SST along with the PPG waveform, the data acquisition unit to deal with
the measured signal and the analysis unit to obtain BP by using the measured data.

It was designed in reference to Webster's pulse oximeter system [29] to measure the PPG
signal. For the PPG sensor, the infrared LED (SEP 8705, Honeywell, American) with
880nm wavelength and the photo detector (SEP 8105, Honeywell, American) with the
central response frequency of 900nm were used. Each PPG signal detected by the
photodetector was cut off with the frequency of 20Hz for the low-pass filtering and with
0.15Hz for the high-pass filtering to draw out the DC and AC components. The current
supplied to LED drive was controlled to be constant at all times, and so was the

amplification rate.

The sensor which was newly designed in this study to compensate the change of PPG
waveform due to CF and SST is shown in Figure 5.7. The flexiforce pressure sensor (ps-
01 American) to measure CF and the contact temperature sensor (LNTG473FW, Lattron,
Korea) was used to measure SST. For the signal of CF and SST, constant amplification
rates were supplied. Each signal was acquired by Power LAB (ML880, AD

Instrumentation) with 12bit A/D converter and 200Hz sampling frequency.
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Temperature sensor

Photo-Detector

- IR/R Light Source(LED)
Ve
h A

Contact Pressare Sensor

Figure 5.7. Structure of PPG sensor newly designed in this study; for the compensation of
PPG waveform due to contact force and skin surface temperature. Contact force and skin

surface temperature were measured along with the PPG signal.

5.2.3.2 Subject

This experiment was carried out for 58 subjects (male: 42, female: 16, age: 28.9 £ 7.23)
from 20 to 53 years old. All the subjects had no cardiovascular diseases except
hypertension or hypotension and were under no treatment with the medicine. Before the
experiment, all the subjects were educated about the experiment and wrote down the
consent to participate in the study. The experimental protocol was reviewed and approved
by the Clinical trial Research Committee of the Wonju College of Medicine, Yonsei

University.

5.2.3.3 Experimental protocol

As shown in Figure 5.8, the experiment was carried out in three stages. In the first stage,
each participant was tested to get the normalized PPG components from CF and SST. In
the second stage, BP increased through the exercise and the normalized PPG components
were compared and analyzed to find out their correlation. The experiment was carried out
to obtain BP estimation equation through the multi-regression analysis. In the third stage,
BP estimation equation obtained from each subject was compared with the measured BP

through the oscillometric sphygmomanometer (Model-53000, Welchallyn, USA) and
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analyzed for about 2 months.

First Stage Second Stage Third Stage
Data anlysis

Compensation Long-termblood pressure measurment

under blood pressure varying

" £
< a

Thuee time Thuee time About 2 months

e
Ldh)

Figure 5.8. Experimental Procedure.

5.2.3.3.1 Acquisition of Compensated PPG signal from contact force and skin

surface temperature (First stage)

The compensation experiment of PPG waveform for CF explained at chapter 4.2.

The compensation experiment of PPG waveform for SST of the measured part was

carried out by changing the skin temperature of the peripheral hand part from 28 ~ 34C
while maintaining CF constant (fixed pressure: 0.080 Kgf/m’) to make each subject

comfortable within the range of the transmural pressure. SST was changed in the air

supply cooling/heating method (Figure 4.2(a)).

In the experiment, PPG waveform was measured after the 15 min rest to adapt the body
of the subject to the experimental environment. Then, the temperature of the hand was
decreased fast and the measurement was carried out while the temperature is restored
naturally. Once the temperature of the hand was restored to normal, it was slowly

increased in turn. This process was repeated 3 times during the experiment.

The data acquired by the compensation experiment for each subject were analyzed by
stages of CF at the same SST, and by stages of SST at the same CF. In each stage, the
linear regression analysis was carried out with the average values of the data to obtain the

normalized PPG waveform.
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5.2.3.3.2 Acquisition of blood pressure estimation equation under blood pressure
varying (Second stage)

In the first stage experiment, normalized PPG waveforms for each person were derived
from CF and SST. By using the normalized PPG components as the independent variables,
we tried to derive BP estimation equation according to the change of BP through the
multi-regression analysis. For this, BP of all the subjects was increased through the
exercises such as stepping up the stairs and running and the data were obtained. All the
exercises were made indoors. Through the repetitive experiments, BP equation was
obtained for each person by using the multi-regression analysis between the normalized

PPG components and BP.

5.2.3.3.3 Long-term blood pressure measurement (Third stage)

The results from the personal BP estimation equation obtained by the second stage
experiment were compared with the long-term BP measurement in the oscillometric
method. The measurement was made for all the participants 1~3 times a day for about 2

months.

5.2.3.4 Data collection and analysis

5.2.3.4.3 Blood pressure measurement using components of PPG signal

Let the total light amount from the light source be l,. Then, the DC component of PPG
signal detected by the photodetector is changed according to BV, as shown in Figure 5.9.
Is of the DC component reflects the flowing BV by the artery, which shows to be
proportional to the AC component. In this study, Is reflects the state of the blood vessel
and is analyzed with the amplitude (Peak to Peak) of the AC component. In the DC
components which reflect the total BV including the artery, the vein and the capillary
vessels of specific part, lrs,s Was measured and analyzed with BV at the contracting point

of the heart and Irqi, With that at the dilating point of the heart.
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The changing factors of the BP in the cardiovascular system are BV and the resistance (or
compliance) of the vascular system. The physiological change in the cardiovascular
system can be estimated from the PPG signal components, which are influenced by the
external factors (Figure 5.10). To make the identical condition through the compensation
of CF and SST, the normalized PPG components were drawn out and BP was estimated

from the components.

T dia

.
h

To

IRdia

DC component

Is &L AC component

Time

Figure 5.9. Change in components of PPG waveform acquired from photodetector.
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Figure 5.10. Schematic block diagram of the blood pressure measurement using

components of PPG signal.
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5.2.4 Results

5.2.4.1 Acquisition of Compensated PPG signal from contact force and skin

surface temperature (First stage)

The change in PPG waveform according to CF and SST comes from the external factors
rather than the change of the cardiovascular condition. It may give impact on the partial
vascular system of the measuring part, but it can hardly be seen as the change of the
whole cardiovascular system. Based on this ground, the compensation equations were
derived from the PPG signal components, CF and SST measured in the first stage
experiment. And the normalized PPG components were drawn out with the compensation

equations to apply CF and SST of the same condition to PPG waveform.

The normalized PPG components were derived with the following equations to compare
the component values of PPG signal and BP in the identical conditions of CF and SST.

When the number of total measurements is N, the equations are as follows:

N-1
F, = %2 F(t) (33)
t=0
1 N-1
T= Z T(t) (34)
t=0

Identical conditions for skin surface temperature(T,) and contact force(F,)
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rorcels (t) Which is influenced by CF can be arranged like equation (35), (36), and (37).

Forcels () = aF(t) + B (35)
Forcelst = OF + B (36)
% = rorce(Ist — Is(t)) = (aF; + 8) — (aF(t) + 8) = a(F; — F(V)) (37)

o : contact force correlation coefficient, f : constant

rempls (t) Which is influenced by SST can be arranged like equation (38), (39), and (40).

Templs(t) = YT (t) + & (38)
Templst = YT1 + 8 (39)
B = renollss = Is() = (T + B) — GT® + B) = 7(T, — T(V) (40)

y : skin surface temperature correlation coefficient, 8 : constant

Based on the identical conditions for CF and SST, the compensation is made for the
changed temperature and the pressure. The compensation equation for the normalized

PPG components can be arranged like equation (41), (42), and (43).

NormalizedIS(t) = IS(t) + (X(F[ - F(t)) + Y(TI - T(t)) (41)
Normalizelesys(t) = IRsys(t) + Z(FI - F(t)) + n(Tl - T(t)) (42)
NormalizedIRdia (V) = Irdia(t) + €(F; — F(1)) + €(Ty — T(1)) (43)

o, & ¢ : contact force correlation coefficient, 7y, € : skin surface temperature

correlation coefficient

The compensation experiment result of PPG waveform for CF explained at chapter 4.2.

The change in SST can be interpreted as the result of natural temperature control process
by the vasoconstriction and the vasodilatation. Even though the PPG signal measured at
the finger tips reflects the change of whole vascular system and includes a lot of
physiological information [133, 134] the signal can be distorted by the local vascular

condition or the organic change of the measured part.
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Mendelson and Ochs attached the reflectance sensor on the wrist and increased the
temperature to check the correlation between PPG signal and the skin temperature [21].
Stround team found out the correlation between blood flow and the finger temperature.
They also measured the change of PPG signal according to the temperature and BP in his
experiment. Their studies reported that the AC component of PPG signal did not showed
the rapid change and increased almost linearly at the increase of temperature, even if
there were some personal differences. The change of temperature has the influence on
other organs than the blood vessels, too [107]. Figure 5.11 tells that, as the temperature

goes up, the AC components tend to increase and the DC components to decrease.
Table 5.1 gives the correlation between PPG waveform and SST in the form of mean +

SD. During the experiment, there were significant changes in PPG AC and DC signal (p <
0.001).
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Figure 5.11. Change of PPG waveform according to skin surface temperature measured by compensation experience of this study.
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Table 5.1.  Analysis of the correlation between PPG signal and skin surface temperature.

Independent Variable Dependent Variable R Adjusted R? T Sig.
IRsys 0.91+0.092 0.83+0.167 -25.99+18.580
Skin Surface ]
IRdia 0.90+0.103 0.82+0.183 -26.39£21.539 0.000
Temperature
Is 0.75+0.058 0.55+0.089 7.51+1.072
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5.2.4.2 Acquisition of blood pressure estimation equation under blood pressure
varying (Second stage)

To compensate the influences by CF and SST at the measuring point, the normalized PPG
signals of the identical conditions were derived. With the components of the normalized
PPG signal, the change of PPG signal according to BP was measured and, through the
multi-regression analysis of the measurement results, BP estimation equation for each
subject was obtained like equation (44) and (45). Table 5.2 is the result obtained through

the multi-regression analysis

Bpsys(t) = m Normalizedls(t) +n NormalizedIRsys(t) + l (44)

BPdia(t) =V Normalizedls(t) +w NormalizedIRdia(t) +u (45)

BP;ys(t) : systolic blood presuure
BPgia(t) : diastolic blood pressure
m, N, V, W : normatizea PPG cOMponents correlation coefficient

|, u : constant
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Table 5.2.  Analysis of the correlation between blood pressure and normalized PPG waveform.

Independent ) A 2 Normalized|R Normalized IS .
. Dependent Variable R Adjusted R Sig.

Variable T T

SyStO"C Blood NormalizelesyS

0.76+0.112 0.59+£0.170 -26.65+33.658 -9.10+9.083 0.013+0.023

Pressure Normalized IS

Diatolic Blood NormalizedIROi@

0.81+0.120 0.66+0.196 -31.374£46.245 -10.95+11.100 0.011+0.018

Pressure Normalized S
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5.2.4.3 Long-term blood pressure measurement (Third stage)

With the personal BP estimation equations acquired in the second stage of the experiment,
the long-term change of BP was measured. Figure 5.12 is the data of a person measured
for 2 months. When the result of the oscillometric method and the result of measurement
in Figure 5.12 with BP estimation equation derived in this study were compared with
each other, we can check the long-term monitoring possibility of BP measurement system

through the normalized PPG signal components.

The test results for all the data of 58 subjects for 2 months are shown in Figure 5.13 and
5.14. In Figure 5.13, it can be seen that BP during systolic and diastolic lies within the
permissible error range in most measured cases. And, as shown in Figure 5.14, they have
high correlation (SBP: R?=0.8007, DBP: R?*=0.7657).
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Figure 5.12. Data of a subject measured for 2 months.
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5.2.5 Discussion

In this study, the AC component of PPG signal is BV pulse wave by the heart beating and
gives us diverse pathological information on the cardiovascular system and the capillary
vessels [133]. It is determined by the arterial compliance and resistance [28], and the
increase of AC component magnitude can be interpreted as the dilatation of vessel wall
[135]. And the DC component (including the AC component and DC offset) represents
the total BV of the measuring part. The normalized PPG components were calculated
with the compensation equations for the influence of CF and SST. To estimate BP with
them, BP estimation equation was derived as equation (43) and (44) through the second
stage experiment. The result of this BP estimation equation for each person was compared
with that of the long-term measurement through the oscillometric sphygmomanometer
(Model-53000, Welchallyn, USA). Figure 5.13 and 5.14 show the analysis results of the
comparison, which have the permissible error (Table 5.3) ranges along with the high

correlation.

Table 5.3. Bias (95% Confidence Interval [CI]), precision and limits of agreement

between estimated blood pressure and real blood pressure.

Systolic Blood Pressure Diastolic Blood Pressure

Bias (95% CI) 1.03(0.98t0 1.08) 0.51(0.48t0 0.54)
Precision 7.802 6.383
Upper limit of agreement 16.03 13.28
Lower limit of agreement -14.58 -12.25

Figure 5.12 is BP change trend of a test group for 2 months. The result of its comparative
analysis turns out to be significant and the error was in the permissible range. Even
though BP estimation with the normalized PPG signal is applicable just to the subject for
whom the individual regression equation has been defined, if the compensation

experiment is carried out for each subject and BP estimation equation is derived, not only
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the long-term personal BP monitoring but also the non-vascular continuous BP
monitoring will be possible. This result suggests the possibility to detect and monitor the
risky elements in the cardiovascular system along with the clinical diagnosis and
prediction in the ordinary life.

The long-term monitoring of BP and its periodic measurement in the ordinary life are
clearly important. This study has developed a new method to estimate BP in non-invasive
way, and completed the verification of BP measurement method using the normalized

PPG signal through the long-term experiment.

This BP monitoring system can be performed conveniently various application during our

life with patient specific calibration.

5.2.5 Summary of findings

The change in PPG waveform has been linked with cardiovascular condition change. We
hypothesized that the morphological features of finger PPG waveform would be closely
related to BP change. Analysis was performed on normalized finger PPG waveforms
together with systolic and diastolic arterial BP measurements collected from 58 patients.
The experiment was carried out in three stages: compensation, estimation, and long-term

comparison.

The morphology analysis was carried out on normalized finger PPG waveform
represented by BV and VR. PPG features were compensated by CF and SST, and then
normalized. Normalized PPG components were calculated for identical condition.
Individual BP estimation equation was obtained by finding the multi-regression analysis
between real BP and PPG components. With the personal BP estimation equations, the
long-term change of BP was measured. The analysis results of the comparison, which

have the permissible error ranges along with the high correlation.

- 102 -



5.3 Conclusions of clinical study

Many studies have been carried out in the past linking cardiovascular status with PPG
waveform change. This is the novel study to demonstrate a possibility that only the finger
PPG waveform can estimate real blood pressure. Although we are hard to establish a
general BP estimation equation, this individual information may be useful for judging the

degree of personal BP change in real-life.
Since this study was carried out on 58 patients who have hypertension, hypotension, and

normotension, it may be desirable to validate the proposed method on wider subjects and

for longer-term in future.
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Chapter 6 Conclusions
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6.1 Overview

This chapter concludes the entire paper. The major contributions of current study, which
include the relationship study, the compensation study, and the clinical study, are
summarized in section 6.2. The implications of the results obtained from the current study

are discussed in section 6.3. Possible future study is described in section 6.4.

6.2 Major contributions of current study

The current study consists of three major studies: the relationship study in chapter 3, the
compensation study in chapter 4, and the clinical study in chapter 5. The major

contributions of these studies are summarized as followings:

6.2.1 Relationship study

® When PPG signal which is normalized by measured CF and SST is acquired,
SBP and DBP are proportioned to BV and inverse-proportioned to VR without
constant terms. Therefore PPG signal from the artery is proposed a basis to
detect BP. We are also able to get transitions BV and VR when PPG signal is

acquired during long term. These processes can predict the change of BP.
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® The DC component of PPG waveform is inversely proportional to static BV in
the vessels and tissues. In addition, the AC component of PPG waveform shows
subtle changes in the arterial system due to cardiac contraction and relaxation
and provides information regarding wvascular compliance and resistance.
Therefore, these results support the possibility that the PPG components may be
used for easy and noninvasive measurement of hemodynamic changes in the

cardiovascular system such as BP.

6.2.2 Compensation study

® The waveform of the PPG signal may be affected by CF between the sensor and
the measurement area. The DC and AC amplitudes of the reflective PPG signal
increase with increasing CF until the transmural pressure. The results suggest
that the effects of CF should be carefully examined in the design of PPG-based
health care devices.

® Local temperature changes affected the PPG signals and the Finometer
BP(Finger BP), but not the oscillometric BP(Central BP). These results suggest
that temperatures must be carefully controlled or compensated for in the
measurement of PPG signals in order to reduce for the errors in the values when
evaluating cardiovascular status through PPG signals in a local heating and

cooling treatments or in temperature variation environments.

6.2.3 Clinical study

® From BP change trend of an arbitrary test group for 2 months, the result of its

comparative analysis was turned out significant and the error was in the
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permissible range. Even though BP estimation with the normalized PPG signal is
applicable just to the subject for whom the individual regression equation has
been defined, if the compensation experiment is carried out for each subject and
BP estimation equation is derived, not only the long-term personal BP
monitoring but also the non-vascular continuous BP monitoring will be possible.
This result suggests the possibility to detect and monitor the risky elements in
the cardiovascular system along with the clinical diagnosis and prediction in the
ordinary life. This study has developed a new method to estimate BP in non-
invasive way, and completed the verification of BP measurement method using

the normalized PPG signal through the long-term experiment.

6.3 Implication of results from current study

The results from current study clearly show the possibility of finger PPG waveform as a
noninvasive determine tool for BP change. BP detection model were verified by the
relationship study, which involved change of cardiovascular status from a group of
healthy human subject that constituted blood pressure change and a group of healthy
animal subject that induced via commonly used cardiac stimulants. The results from these
studies have supported that morphological features derived from the finger PPG
waveform could be very useful for detecting the change in central BP, and the trends of
features might be possible to identify not only the local BV change but also the VR
change in peripheral vasculature. The relationship between effects of environment and the
finger PPG waveform was confirmed that CF and SST changes in groups of healthy
subjects produced the progressive PPG waveform change. The clinical study focused on
long-term comparison and has shown that morphological features of the finger PPG
waveform could be potential markers of BP change, which may help to patients who are

interested in monitoring their daily BP.
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In terms of clinical application, this approach is best way to identify BP change as easily
as possible, because we can apply the long-term monitoring possibility of BP
measurement system. In this perspective, the finger PPG waveform-based technique may
prove to be extremely valuable detection technique of BP. The technique proposed in the
current study may be applied in home and mobile healthcare phase, so that whenever and
wherever the patient are, BP assessment can be more convenient with very simple
monitoring procedures. When the simple, comfortable and totally noninvasive BP
measurement is required, PPG waveform will be the ideal application for continuous BP

monitoring of the patient.

6.4 Future study

From this study, the possibility that the proposed technique based on PPG waveform is
potentially useful for identifying changes in patients’ central BP due to ongoing changes
in cardiovascular condition may still exist. However, the small samples of healthy
subjects who were under no treatment with the medicine and have no cardiovascular
diseases except hypertension or hypotension remain future study. Therefore, future
studies should consider wider groups who suffer from various other cardiovascular
diseases, elderly or newborn subjects, as well as subjects with various pharmacological

interventions.

A challenge of the current study will be offering one general estimation equation that
includes both individual compensation term and BP estimation equation. If it can be
successful, the proposed techniques will be beneficial in improving the BP management
of general population. Since motion artifacts and other problems associated with the
recording of PPG waveform will have any significant impact on the usefulness of the

proposed techniques, additional studies are necessary to consider eliminating these effects
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from real-life patient data for offering an important BP diagnostic application for future

medical devices.

- 109 -



References

[1]

(2]

3]

[4]

5]

[6]

[7]

(8]

9]

[10]

Lee, Y. W, Oh, B. H., Kim, C. H., Hypertension, 1st ed, Seoul, Koryu Medicine,
pp.11-13, 2000.

McAnaw, J. J., Hudson S. A., McGregor A-M., The pharmaceutical care of
patients with hypertension: an examination of service models in primary care in
the US. Pharmacy World & Science. 23(5):189-194, 2001.

Appel, L. J., Brands, M. W., Daniels, S. R., Karanja, N., Elmer, P. J., Sacks, F.
M., Dietary approaches to prevent and treat hypertension: a scientific statement
from the American Heart Association. Hypertension. 47:296-308, 2006.

Lee, R. G., Hsiao, C. C., Chen, C. C., Liu, M. S., A mobile-care system
intergrated with Bluetooth plod pressure and pulse monitor, and cellular phone,
IEICE Transactions on Information and Systems. E89-D(5):1702-1711, 2006.
Korhonen, I., Parkka, J., Van Gils, M., Health monitoring in the home of the
future. IEEE Engineering in Medicine and Biology Magazine. 22(3):66-73, 2003.
Kim, J. S., Chee, Y. J., Park, J. W., Choi, J. W.,, Park, K. S., A new approach for
non-intrusive monitoring of blood pressure on a toilet seat. Physiological
Measurement. 27:203-211, 2006.

A new era: The elimination of mercury sphygmomanimeters. Going Green: A
resource kit for pollution in health care, Health Care Without Harm, 2004

De Jong, J. R., Ros, H. H., lyriboz, Y., Indirect blood pressure measurement
using the Riva Rocci Korotkoff method. Journal of Clinical Monitoring.
11(2):149-150, 1995.

McCombie, D. B., Reisner, A. T., Asada, H. H., Adaptive blood pressure
estimation from wearable PPG sensors using peripheral artery pulse wave
velocity measurements and multi-channel blind identification of local arterial
dynamics. Engineering in Medicin an Biology Society, EMBS’06. 28th Annual
International Conference of the IEEE. Aug. 30:3521-3524, 2006.

Home Health Monitoring of High Blood Pressure (2005, April 23) American

Heart Association [Online]. Available: http://www.americanheart.org

- 110 -


http://www.americanheart.org/

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Chan, K. W., Hung, K., Zhang, Y. T., Noninvasive and cuffless measurements of
blood pressure for telemedicine. IEEE Proceedings of EMBS International
Conference. 4:3592-3593, 2001.

Archer, L. J., Smith, A. J., Blood pressure measurement in volunteers with and
without padding between the cuff and the skin. Anaesthesia. 56(9):847-849,
2001.

Meigas, K., Kattai, R., Lass, J., Continuous blood pressure monitoring using
pulse wave delay. IEEE Proceedings of EMBS International Conference. 4:
3171-3174, 2001.

Chen, W., Kobayashi, T., Togawa, T., Ichikawa, S., Takeuchi, Y., Estimation of
systolic blood pressure variations from pulse arrival time using a narrow band
filter. IEEE Proceedings of BMES/EMBS Conference. 1:242, 1999.

Chen, W., Kobayashi, T., Ichikawa, S., Takeuchi, Y., Togawa, T., Continuous
estimation of systolic blood pressure using the pulse arrival time and intermittent
calibration. Medical and Biological Engineering and Computing. 38(5):569-574,
2000.

Okada, M., Possible determinants of pulse-wave velocity in vivo. Biomedical
Engineering IEEE Transactions on. 35(5):357-361, 1988.

O'Rourke, M. F., Mancia, G., Arterial stiffness. Journal of Hypertension. 17:1-4,
1999.

Bramwell, J. C., Hill, A. V., The velocity of the pulse wave in man. Proceedings
of the Royal Society of London. pp 298-306, 1922.

Jeong, I. C., Shin, T. M., Yoon, H. R., Estimation of non-invasive blood pressure
using peripheral plethysmograph. Trans. KIEE, 54D(8):504-509, 2005.
Challoner, A. V., Photoelectric plethysmography for estimating sutaneous blood
flow Non-Invasive, Physiological Measurements, 1:125-151

Allen, J., Photoplethysmography and its application in clinical physiological
measurement. Physiological measurement. 28:R1-R39, 2007.

Murray, W. B., Foster, P. A., The peripheral pulse wave: information overlooked.
Journal of Clinical Monitoring. 12(5):365-77, 1996.

Middleton, P. M., Henry, J. A., Pulse oximetry: evolution and directions.
International Journal of Clinical Practice. 54(7):438-444, 2000.

- 111 -



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Dennis, M. J., Plethysmography: the new wave in haemodynamic monitoring—a
review of clinical applications. Australian Critical Care. 13(1):14-20, 2000.
Shelley K, Shelley S. Pulse oximeter waveform: photoelectric plethysmography.
In: Lake CL, Hines RL, Blitt CD, eds. Clinical monitoring: practical applications
for anesthesia and critical care. Philadelphia: W.B. Saunders Company; 2001:
420-428.

Dorlas, J. C., Nijboer, J. A., Photo-electric plethysmography as a monitoring
device in anaesthesia: Application and interpretation. British Journal of
Anaesthesia. 57(5):524-530, 1985.

Lindberg, L. G., Oberg, P. A., Photoplethysmography. Part 2. Influence of light
source wavelength. Medical and Biological Engineering and Computing.
29(1):48-54, 1991.

Nitzan, M., Babchenko, A., Khanokh, B., Very low frequency variability in
arterial blood pressure and blood volume pulse. Medical and Biological
Engineering and Computing. 37(1):54-58, 1999.

Webster, J. G., Design of Pulse Oximeters (Bristol: Institute of Physics
Publishing), 1997.

Penaz, J., Photoelectric measurements of blood pressure, volume and flow in the
finger. Digest of the 10th international conference on medical and biological
engineering. pp. 104-104, 1973.

Naschitz, J. E., Bezobchuk, S., Mussafia-Priselac, R., Pulse transit time by R-
wave-gated infrared photoplethysmography: review of the literature and
personal experience. Journal of Clinical Monitoring and Computing. 18(5-
6):333-342, 2004.

Payne, R. A., Symeonides, C. N., Webb, D. J. et al., Pulse transit time measured
from the ECG: an unreliable marker of beat-to-beat blood pressure. Journal of
Applied Physiology. 100(1):136-41, 2006.

Romano, S. M., Pistolesi, M., Assessment of cardiac output from systemic
arterial pressure in humans. Critical Care Medicine. 30(8):1834-1841, 2002.
Harms, M. P., Wesseling, K. H., Pott, F., et al., Continuous stroke volume
monitoring by modelling flow from non-invasive measurement of arterial

pressure in humans under orthostatic stress. Clinical Science. 97:291-301, 1999.

-112 -



[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Johansson, A., Oberg, P. A., Estimation of respiratory volumes from the
photoplethysmographic signal. Part 1: experimental results. Medical and
Biological Engineering and Computing. 37(1): 42—47, 1999a.

Nilsson, L., Johansson, A., Kalman, S., Monitoring of respiratory rate in
postoperative care using a new photoplethysmographic technique. Journal of
Clinical Monitoring and Computing. 16(4):309-315, 2000.

Simonson, E., Koff, S., Keys, A., et al., Contour of the toe pulse, reactive
hyperemia, and pulse transmission velocity: group and repeat variability, effect
of age, exercise, and disease. American Heart Journal. 50(2):260-279, 1955.
Oliva, 1., Ipser, J., Roztocil, K., et al., Fourier analysis of the pulse wave in
obliterating arteriosclerosis. VASA. 5(2):95-100, 1976.

Sherebrin, M. H., and Sherebrin, R. Z., Frequency analysis of the peripheral
pulse wave detected in the finger with a photoplethysmograph. Biomedical
Engineering, IEEE Transactions on. 37(3):313-317, 1990.

Oliva, 1., Roztocil, K., Toe pulse wave analysis in obliterating atherosclerosis.
Angiology. 34(9):610-619, 1983.

Grohmann, G., Krauss, M., Lindloh, C., et al., NIR-photoplethysmography—a
noninvasive method for the early diagnosis and control of circulation parameters
in peripheral vascular diseases. 1. Theory and Technical devices. Perfusion.
9:268-277, 1996a.

Grohmann, G., Krauss, M., Lindloh, C., et al., NIR-photoplethysmography—a
noninvasive method for the early diagnosis and control of circulation parameters
in peripheral vascular diseases. 2. Bedside measurements. Perfusion. 9:300-310,
1996b

Carter, S. A., and Tate, R. B., Value of the pulse waves in addition to systolic
pressures in the assessment of the severity of peripheral arterial disease and
critical limb ischemia. Journal of Vascular Surgery. 24(2):258-65, 1996.

Allen, J., and Murray, A., Development of a neural network screening aid for
diagnosing lower limb peripheral vascular disease from photoelectric
plethysmography pulse waveforms. Physiological Measurement. 14(1):13-22,
1993.

Bramwell, J. C., and Hill, A, V., Velocity of transmission of the pulse wave and

- 113 -



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

elasticity of arteries. Lancet. 1: 891-892, 1922.

Eliakim, M., Sapoznikov, D., Weinman, J., Pulse wave velocity in healthy
subjects and in patients with various disease states. American Heart Journal.
82(4):448-457, 1971.

Gizdulich, P., On a non-invasive evaluation of pulse wave velocity in human
peripheral arteries. Clinical Physics and Physiological Measurement. 5(1):33-36,
1984.

Millasseau, S. C., Ritter, J. M., Takazawa, K., et al., Contour analysis of the
photoplethysmographic pulse measured at the finger. Journal of Hypertension.
24:1449-56, 2006.

Takazawa, K., Tanaka, N., Fujita, M., et al., Assessment of vasoactive agents and
vascular aging by the second derivative of photoplethysmogram waveform.
Hypertension. 32:365-370, 1998.

Lopez-Beltran, E. A., Blackshear, P. L., Finkelstein, S. M., et al., Noninvasive
studies of peripheral vascular compliance wusing a non-occluding
photoplethysmographic method. Medical and Biological Engineering and
Computing. 36(6):748-753, 1998.

Allen, J., and Murray, A., Development of a neural network screening aid for
diagnosing lower limb peripheral vascular disease from photoelectric
plethysmography pulse waveforms. Physiological Measurement. 14(1):13-22,
1993.

Gopaul, N. K., Manraj, M. D., Hebe, A., et al., Oxidative stress could proceed
endothelial dysfunction and insulin resistance in Indian Mauritians with
impaired glucose metabolism. Diabetologia. 44(6):706-712, 2001.

Belcaro, G., Veller, M., Nicolaides, A., Noninvasive investigations in vascular
disease. Angiology. 49(9):673-706, 1998.

Nicolaides, A. N., Investigation of chronic venous insufficiency: a consensus
statement. Circulation. 102:E126, 2000.

Incze, A., Lazar, I., Abraham, E., Copotoiu M and Cotoi S The use of light
reflection radiography in diagnosing venous disease and arterial microcirculation.
Romanian Journal of Internal Medicine. 41:35-40, 2003.

Cooke, E. D., Bowcock, S. A., Smith, A. T., Photoplethysmography of the distal

- 114 -



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

pulp in the assessment of the vasospastic hand. Angiology. 36(1):33-40, 1985.
Tur E, Tur M, Maibach H I and Guy R H 1983 Basal perfusion of the cutaneous
microcirculation: measurements as a function of anatomic position J. Invest.
Dermatol. 81 442-6

Nitzan, M., de Boer, H., Turivnenko, S., et al., Power spectrum analysis of the
spontaneous fluctuations in the photoplethysmographic signal. Journal of Basic
and Clinical Physiology and Pharmacology. 5(3-4):269-76, 1994.

Nitzan, M., Babchenko, A., Milston, A., et al., Measurement of the variability of
the skin blood volume using dynamic spectroscopy. Applied Surface Science.
106:478-82, 1996a.

Nitzan, M., Turivnenko, S., Milston, A., et al., Low-frequency variability in the
blood volume pulse measured by photoplethysmography. Journal of Biomedical
Optics. 1(2)223-229, 1996b.

Nitzan, M., Babchenko, A., Shemesh, D., et al., Influence of thoracic
sympathectomy on cardiac induced oscillations in tissue blood volume. Medical
and Biological Engineering and Computing. 39(5):579-83, 2001.

Penaz, J., Photoelectric measurements of blood pressure, volume and flow in the
finger. Digest of the 10th international conference on medical and biological
engineering, pp. 104, 1973.

Imholz, B. P. M., Wieling, W., van Montfrans, G. A., et al., Fifteen years
experience with finger arterial pressure monitoring: assessment of the
technology. Cardiovascular Research. 38(3):605-616, 1998.

Drinnan, M. J., Allen, J., Murray, A., Relation between heart rate and pulse
transit time during paced respiration. Physiological Measurement. 22(3):425-32,
2001.

Nasimi, S. G., Mearns, A. J., Harness, J. B., et al., Quantitative measurement of
sympathetic neuropathy in patients with diabetes mellitus. Journal of
Biomedical Engineering. 13(3):203-208, 1991.

Avnon, Y., Nitzan, M., Sprecher, E., et al., Different patterns of parasympathetic
activation in uni- and bilateral migraineurs. Brain. 126(7):660-670, 2003.
Komatsu, K., Fukutake, T., Hattori, T., Fingertip photoplethysmography and
migraine. Journal of the Neurological Sciences. 216(1):17-21, 2003

- 115 -



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Asada, H. H., Shaltis, P., Reisner, A., et al. Mobile monitoring with wearable
photoplethysmographic biosensors. IEEE Engineering in Medicine and Biology
Magazine. 22(3):28-40, 2003.

Chan, G., Early detection of blood loss using a ninnvasive finger
photoplethsnmographic pulse oximetry waveform, UNSW, 2008

Mendelson, Y., Pulse oximetry: theory and applications for noninvasive
monitoring. Clinical Chemistry. 38:1601-1607, 1992.

Avolio, A., The finger volume pulse and assessment of arterial properties.
Journal of Hypertension. 20(12):2341-2343, 2002.

Teng, X. F, Zhang, Y. T., The effect of contacting force on
photoplethysmographic signals. Physiological measurement. 25(5):1323-1335,
2004.

Teng, X. F., Zhang, Y. T., The effect of applied sensor contact force on pulse
transit time. Physiological Measurement. 27(8):675-684, 2006.

Shelley, K. H., Jablonka, D. H., Awad, A. A,, et al. What is the best site for
measuring the effect of ventilation on the pulse oximeter waveform? Anesthesia
and Analgesia. 103(2):372-377, 2006.

Kober, A., Scheck, T., Lieba, F., et al. The influence of active warming on signal
quality of pulse oximetry in prehospital trauma care. Anesthesia and Analgesia.
95(4):961-966, 2002.

Aoyagi, T., Pulse oximetry: its invention, theory, and future. Journal of
Anesthesia. 17(4):259-266, 2003.

Hayes, M. J., Smith, P. R., Artifact reduction in photoplethysmography. Applied
Optics. 37(31):7437-7446, 1998.

Y. W. Lee, B. H. Oh and C. H. Kim, “Hypertension,” 1* ed, Seoul, Koryu
Medicine, 1998, pp.11-13.

Takazawa, K., Tanaka, N., Rujita, M., et al., Assessment of vasoactive agents
and vascular aging by the second derivative of photoplethysmograph waveform.
Hypertension, 32:365-370, 1998.

Millasseau, S. C., Guigui, F. G., Kelly, R. P, et al. Noninvasive assessment of
the digital volume pulse comparison with the peripheral pressure pulse.
Hypertension, 36:952-956, 2000.

- 116 -



[81]

[82]

[83]

[84]

(85]

(86]

[87]

(88]

(89]

[90]

[91]

[92]

Rusch, T. L., Sankar, R., Schharf, J. E., Signal processing methods for pulse
oximetry. Computers in Biology and Medicine. 26(2):143-158, 1996.

Kim, Y. Y., A study on design computing model for extracting SpO, algorithm
on pulse oximetry. Yonsei University. 1997.

Guyton, A. C., Textbook of medical physiology,” 7" ed, Philadelphia, PA:
Saunders, pp. 345, 692, 1982.

Nitzan, M., Turivnenko, S., Khanokh B., et al., Low frequency variability in the
blood wvolume and in the blood volume pulse measured by
photoplethysmography. Journal of Biomedical Optics. 1(2):223-229, 1996.
Nitzan, M., Babchenko, A., Milston, A., et al. Measurement of the variability of
the skin blood volume using dynamic spectroscopy. Applied Surface Science.
106:478-482, 1996.

Pinna, G. D., Maesteri, R., Mortara, A., Estimation of arterial blood pressure
variability by spectral analysis: comparison between Finapres and invasive
methods. Physiological Measurement. 17(3):147-149, 1996.

Wesseling, K. H., Settels, J. J., van der Hoeven, G. M. A,, et al., Effects of
peripheral vasoconstriction on the measurement of blood pressure in a finger.
Cardiovascular Research. 19(3):139-145, 1985.

Nitzan, M., Babchenko, A., Khanokh, B., et al., The variability of the
photoplethysmographic signal — a potential method for the evaluation of the
autonomic nervous system. Physiological Measurement. 19(1):93-102, 1998.
Crabtree, V. P., Smith, P. R., Physiological models of the human vasculature and
photoplethysmography. Electronic Systems and Control Division Research. pp.
60-63, 2003.

Cappello, A., Cnudi, G., Lamberti, C., Identification of the three element
windkessel model incorporating a pressure dependent compliance. Annals of
biomedical engineering. 23(2):164-177, 1995.

Parthimos, D., Edwards, D. H., Griffith, T. M., Comparison of chaotic and
sinusoidal vasomotion in the regulation of microvascular flow, Cardiovascular
Research. 31(3):388-399, 1996.

Shim, Y., Pasipoularides, A., Straley, C. A, et al., Arterial windkessel parameter

estimation: a new time domain method. Annals of biomedical engineering. 22(1):

-117 -



[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

66-77, 1994.

Stergiopulos, N., Westerhof, B. E., Westerrhof, N., Total arterial inertance as the
fourth element of the windkessel model, American journal of physiology. Heart
and circulatory physiology. 45:81-88, 1999.

Beevers, G., Lip, G. Y., O'Brien, E., ABC of hypertension: The pathophysiology
of hypertension. BMJ. 322:912-916. 2001.

Pickering, T. G., Hall, J. E., Appel, L. J., et al., Recommendations for Blood
Pressure Measurement in Humans and Experimental Animals: Part 1: Blood
Pressure Measurement in Humans: A Statement for Professionals From the
Subcommittee of Professional and Public Education of the American Heart
Association Council on High Blood Pressure Research. Circulation. 111:697-
716, 2005.

Vander, A. J., Sherman, J. H., Luciano, D. S., Human Physiology : The
mechanisms of body function. 8th ed. New York (NY): McGraw-Hill; 2001.

Ito, Y., Fuimoto, Y., Obara, T., The role of epinephrine, norepinephrine, and
dopamine in blood pressure disturbances in patients with pheochromocytoma.
World Journal of Surgery. 16(4):759-763, 1992.

Hollenberg, S. M., Ahrens, T. S., Annane, D. A., et al., Practice parameters for
hemodynamic support of sepsis in adult patients: 2004 update. Critical Care
Medicine. 32(9):1928-1948, 2004.

Backer, D. D., Creteur, J., Silva, E., et al., Effects of dopamine, norepinephrine,
and epinephrine on the splanchnic circulation in septic shock: Which is best?
Critical Care Medicine. 31(6):1659-1667, 2003.

Kuchel, O. G., Kuchel, G. A., Peripheral dopamine in pathophysiology of
hypertension. Interaction with aging and lifestyle. Hypertension. 18:709-721,
1991.

Blad, K. D., Lookinland, S., Measom, G., et al., Assessing dopamine
concentrations: an evidence-based approach. American Journal of Critical Care.
9(2):130-139, 2000.

Horn, P. T., Murphy, M. B., Dopamine receptor agonists in cardiovascular
medicine. Trends in Cardiovascular Medicine. 1(3):103-107, 1991.

Murphy, M. B., Elliott, W. J., Dopamine and dopamine receptor agonists in

- 118 -



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

cardiovascular therapy. Critical Care Medicine. 18(1):S19, 1990.

Lee, W. J., Kim, K. H., Pharmacology of Leewoojoo. 4th ed. Seoul (Korea):
Medical Munhaksa; 2001.

Craig, C. R., Stitzel, R. E., Modern Pharmacology, 4th ed. Boston (MA): Little
Brown; 1994,

Goldstein, D. S., Golczynska, A., Stuhlmuller, J., et al., A Test of the
"Epinephrine Hypothesis" in Humans. Hypertension. 33:36-43, 1999.

Stroud, M. A., James, D. P,, Railton, D., et al., Digital and brachial artery blood
pressure measurements during peripheral, coldinduced vasoconstriction.
European Journal of Applied Physiology and Occupational Physiology. 68:134—
138, 1994.

Webb-Peploe, M. M., Shepherd, J. D., Responses of the Superficial Limb Veins
of the Dog to Changes in Temperature. Circulation Research. 22:737-746, 1968.

Kéhler, B. U., Hennig, C., Orglemister, R.. The Principles of Software QRS
Detection. Engineering in Medicine and Biology Magazine, IEEE. 21(1):42-57,
2002.

Akselrod, S., Dordon, D., Madwed, J. B., et al., Hemodynamic regulation:
investigation by spectral analysis. The American journal of physiology.
249(4):H867-875, 1985.

Guyton, A. C., Textbook of Medical Physiology. 7th ed. Philadelphia (PA):
Saunders; 1982.

Bramwell, J. C., Hill, A. V., The velocity of the pulse wave in man. Proceedings
of the Royal Society of London. 93:298-306, 1922.

Kraitl, J., Ewald, H., Gehring, H., An optical device to measure blood
components by a photoplethysmographic method. Journal of Optics A: Pure and
Applied Optics. 7(6):S318-S324. 2005.

Pinna, G. D., Maesteri, R., Mortara, A., Estimation of arterial blood pressure
variability by spectral analysis: comparison between Finapres and invasive
methods. Physiological Measurement. 17(3):147-149, 1996.

Wesseling, K. H., Finger arterial pressure measurement with Finapres. Z Kardiol.
85(3):38-44, 1996.

Clemmesen, J. O., Galatius, S., Skak, C., et al., The Effect of Increasing Blood

- 119 -



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Pressure with Dopamine on Systemic, Splanchnic, and Lower Extremity
Hemodynamics in Patients with Acute Liver Failure. Scandinavian Journal of
Gastroenterology. 34(9):921-927, 1999.

Shaltis, P., Reisner, A., Asada, H., Calibration of the photoplethysmogram to
arterial blood pressure: capabilities and limitations for continuous pressure
Monitoring. 27th Annual International Conference the IEEE Engineering in
Medicine and Biology Society. pp. 3970-3973, 2005.

Nieveen, J., van der Slikke, L. B., Reichert, W. J., Photoelectric
plethysmography using reflection light. Cardiologia. 29(3):160-173, 1956.

de Pater, I. W.,, van den Berg, A. A., Bueno, A. A, A very sensitive
photoplethysmography using scattered light and a photo-sensitive resistance.
Acta Physiologica et Pharmacologica Neerlandica. 10:378-90, 1962.

Mascaro, S. A., Asada, H. H., Photoplethysmograph fingernail sensors for
measuring finger forces without haptic obstruction. Robotics and Automation,
IEEE Transactions on. 17(5):698-708, 2002.

Driscoll, M. D., Arnold, J. M., Marchiori, G. E., et al., Determination of
appropriate recording force for noninvasive measurement of arterial pressure
pulses. Clinical Science. 92 559-566, 1997.

Driscoll, M. D., Arnold, J. M., Sherebrin, M. H., Applied recording force and
noninvasive arterial pulses. Clinical and investigative medicine. 18(5):370-379,
1995.

Kamal, A. A. R., Harness, J. B., Irving, G., et al., Skin photoplethysmography-a
review. Computer Methods and Programs in Biomedicine. 28(4):257-269, 1989.
Allen, J., and Murray, A., Variability of photoplethysmography peripheral pulse
measurements at the ears, thumbs and toes. IEE Proceedings - Science,
Measurement and Technology. 147(6):403-407, 2000.

Langewouters, G. J., Zwart, A., Busse, R., et al., Pressure—diameter relationships
of segments of human finger arteries. Clinical Physics and Physiological
Measurement. 7(1):43-55, 1986.

Yamakoshi, K., Volume-compensation method for noninvasive measurement of
instantaneous arterial blood pressure—principle, methodology, and some
applications. Homeostasis. 36:90-101, 1995.

- 120 -



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Jason, W. D., Paul, A. M., James, D. S., et al., Effects of caffeine on blood
pressure, heart rate, and forearm blood flow during dynamic leg exercise.
Journal of Applied Physiology. 85(1):154-159, 1998.

Kyriacou, P. A., Powell, S., Langford, R. M., et al., Investigation of oesophageal
photoplethysmographic signals and blood oxygen saturation measurements in
cardiothoracic surgery patients. Physiological Measurement. 23:533-545, 2002.
Nitzan, M., Vatine, J. J., Babchenko, A., et al., Simultaneous measurement of the
photoplethysmographic signal variability in the right and left hands. Laser in
Medical Science. 13(3):189-195, 1998.

Kraitl, J., Ewald, H., Gehring, H., An optical device to measure blood
components by a photoplethysmographic method. Journal of Optics A: Pure and
Applied Optics. 7(6): S318-324, 2005.

Huizenga, C., A model of human physiology and comfort for assessing complex
thermal environments. Building and Environment. 36(6):691-699, 2001.
Huizenga, C., Skin and core temperature response to partial- and whole-body
heating and cooling. Journal of Thermal Biology. 29(7-8):549-558, 2004.

Wang, Y., Zhang, S., Yang, Y. M., et al., An analysis of frequency response for
blood flow of volume pulse in microcirculation, Bio-Medical Materials and
Engineering. 15(3):189-197, 2005.

Spigulis, J., Optical noninvasive monitoring of skin blood pulsations. Applied
optics. 44(10):1850-1857, 2005.

Nijoer, J. A., Dorlas, J. C., Mahieu, H. F., Photoelectric plethysmography - some
fundamental aspects of the reflection and transmission method. Clinical Physics
and Physiological Measurement. 2(3):205-215, 1981.

-121 -



Z 22 o

H#8 3 ASH:
PPG 1 7IRte] 4 9 HF

PPG = zAuAdzeld Faz WEE AZshicd A Bery 27
Ngolth o &S AHoR Ag Fed A omIeN 9
AHgEe] gtk PPG sHEe W 9 el 9
A gHe] BE FoW FRI AR ek Woldr)

&1'
et
ofo
i)
,
5
S
to
o
Ny
1o

= JAIZLZ &7 PPG 3haellA v ohokst

EAAS AL gst= BFAlo] tia] Hobeks Aolth AAEA A, Sl 3}

TAzA 29 dgto] W Fk PPG v wigte] djs] dgshar

Ay Ao nadsd AuzAY 7tsAS ket BA, AAAEAS

ST ANA T4 dANFH T FxAF] Wt dud dos vEdE

golgky AAGe H|BIR AANASY AFE JFsAS Frlsoh A,
]

SRl 4% Yo wels BANd A7n e slase et

-122 -



Qo)

ﬂﬁ
NJo

T

H

—_—
i)

PPG 3}3 9

5]

W Sxd a9

O
P

)

7}k PPG 33

a
T

Ao}

o
K

|

—

el

¢+

ol
K

o
A
To°

—

=

.z.rl

s

=71 PPG

o] 015 0.1

&l

H W=

SRR

ol
H

M9 ¥

wako] AA A

&

0
o

ofi

agre] W 74

b 7lE

5
Rl

7Fer PPG 38 A

A
2 ot}

ol A

€]

E

|

(e}

Ageld AR Ve A=

el

o

gl

=
-

I e 847) A oA

[e)
PN

—_—

0
"
ar

B!

0

Ao

(e}
o

2 o PPG 3}

Q
-

o]

Key words: PPG, g%, &

e, Ada

O
R

-123 -



< =AYt

T+
A o] #E FEuywt 7

WA 2

5yol et

& Astud gt

ojn

SR

© AR uie gt

A QAo T ZAF =Tt AA}

9
s gel Be S QAT Al gl Ay

w5

=
A

=
=

T

110]
=

[e)

il oh L

I

37 et
2]

=

=

AHZ o]

o} whAte] A
TAEA 7hoF & A
A 34

;o._
0
NH
A

=

TO
op

!
i
E

o
o

B

—

|
0
=

RE/ T 74} =}

= o
ne A

Gl

__TL

B
Tor

713]& < Nigel Lovell Z5

i

0]
pal

9

¥ Gragory Chan ®MAbE7] o2 A =EfYth. Gragory Chan BRAH
- 124 -

SFAY AT B & £ e o



st

S}
o

X

!
.

A wt

A A A =y

W

W
)

4

my
o
e
o}

)
Ho
T

o

or

Lo

T ME Eeo

=l

[

S

H e S o= ZRAL

Fuiet,

A

4

)

op

R
—_—

ofny

NB

ToH

==
%)

<
il
e

b}
™

A

A7 7ei7}

m

A& oA b= wrtel R

o

ol o
15 1o

A oA A =Y

‘mo

7

A5k

152 SAAA A=

9]

<l

oji

g

- 125 -



L REgel tER Alge] QAT AT A EAT F ¢
CARFEVTh obiA. AR EU oMy, shtteE 34 W
A9sa WES AT Az 2lA Fol HolE el welAsl A5

Never seem more learned than the people you are with. Wear your learning like a
pocket watch and keep it hidden. Do not pull it out to count the hours, but give the time

when you are asked. (Lord Chesterfield)
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