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Abstract 
 

 Noninvasive recording of pressure pulse waveform from radial artery can be 

used for obtaining valuable diagnostic information, by analyzing it for temporal 

characteristics, spectral characteristics and its cross-correlation with other 

physiologically related waveforms. In this project, the pulse waveform was obtained 

by using a piezoelectric transducer. The effect of physical exercise on radial arterial 

pulse waveform is studied. Spectral analysis of radial arterial pulse waveform has 

been investigated using five spectral parameters: spectral energy ratio, harmonic 

distortion, log spectrum mean frequency, standard deviation, and normalized 

skewness. Further, pulse waveform has been cross-correlated with simultaneously 

recorded electrocardiogram, phonocardiogram, and photoplethysmogram in order to 

study the timing relationship between these waveforms. Finally, the correlation 

coefficients between pairs of these 12 parameters were computed and studied. 
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Chapter 1 

INTRODUCTION 
 

1.1  Overview 
Noninvasive recording of the pressure pulse waveform from the radial artery can be 

used for obtaining valuable diagnostic information, by analyzing it for temporal 

characteristics, spectral characteristics, and its cross-correlation with 

phonocardiogram, photoplethysmogram, and electrocardiogram. In allopathic 

medicine, 'taking the pulse' is a part of battery of diagnostic procedures, and is often 

used only for heart rate and variability. But to the physicians practicing ayurveda, 

traditional Tibetian medicine, Unani medicine, and traditional Chinese medicine, etc, 

a study of patient’s pulse is of paramount importance [1].  

According to ayurveda, by using nadishastra technique, one can get 

information about the three doshas in the body:  vata, pitta, and kapha [2]. Normally 

physician's palm supports the patient's wrist and pulse examination is done using three 

fingers: index, middle, and ring finger on the radial artery [3]. In ayurvedic literature, 

the three fingers are associated with three doshas: index finger- vata, middle finger- 

pitta and ring finger- kapha. Several instruments have been developed and reported 

for sensing the pulse waveform and giving the output as an electrical analog voltage 

or as digitized samples and built-in analysis [5][6][7][8][9].  

 

1.2  Objective 
This project is in continuation of analysis work done earlier at IIT Bombay as a part 

of M. Tech. project by Aparna Surve [4]. Her project included study of different types 

of transducers for sensing, and analyzing the pulse waveform at wrist. She 

investigated recording of pulse waveform using the transducer of an electronic 

stethoscope or phonocardiograph. But, the signal was corrupted by noise, 

environmental sounds as well as the vibrations from various smaller blood vessels, 
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and poor low frequency response of the sensor. Hence, spectral subtraction method 

was used for noise reduction in pulse waveform. Cross-correlation of the enhanced 

pulse waveform with PCG was studied, in order to study timing relationship as an 

indication of change in arterial blood flow [4].  

The objective of this project is to extend the exploratory study for diagnostic 

information in the radial arterial pulse waveform. Recording of pulse waveform using 

the piezoelectric transducer has been investigated. Analysis is carried out by 

simultaneous recording of radial arterial pulse waveform, phonocardiogram, 

electrocardiogram and photoplethysmogram from subjects with normal health, under 

rest and exercising condition. Analysis has been carried out for studying the effect of 

stress on the radial arterial pulse waveform. This has been done by way of spectral 

analysis of radial arterial pulse, and cross-correlation of the pulse waveform with the 

other physiologically related waveforms.  

 

1.3  Dissertation outline 
In the second chapter of the report, the different sensors used for acquisition of pulse 

waveform and review of analysis of pulse wave are discussed. Chapter 3 describes the 

experimental set up used for signal acquisition and analysis techniques used to 

investigate the effect of physical exercise on the pulse waveform.  The results and 

discussion are presented in chapter 4. The last chapter gives summary of the work carried 

out and scope for future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 2



 

 

 

Chapter 2 

RADIAL ARTERIAL PULSE WAVEFORM 
 

Several techniques for acquisition and analysis of radial arterial pulse have been 

reported.  Some of these are described here.  

 

2.1  Dudgeon's sphygmograph 
In 1882, Dudgeon designed sphygmograph for measuring blood pressure from the 

radial artery at the wrist as shown in Fig 2.1 [2][3]. The instrument is made of a starter 

on its upper surface, two pulleys at the two ends of a small rotatory bar, a freely 

hanging needle and a key which is set in the back of the body of the instrument. The 

instrument is used for pulse tracing by rotating key in anticlockwise direction. A 

rectangular piece of smoked paper is fitted in between the two pulleys for pulse wave 

recording. When the starter is set, pulleys start working by rotating the small bar. 

Thus the smoked paper is moved forward and pulse tracing is done by means of the 

hanging needle. Dudgeon's sphygmograph was used by Upadhyay [5] for obtaining 

pulse tracings and quantitative measurements on there tracing for pulses classified in 

accordance with nadishastra. Fig 2.2 shows some sample pulse tracings.  

 
Fig 2.1 Dudgeon's sphygmograph [6] 
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Fig 2.2 Pulse tracings using Dudgeon's sphygmograph as obtained by Upadhyay [5] 

easuring arterial blood pressure 

(1963).

ds only on the blood pressure 

and the area of the frictionless piston, A. Thus, measurement of the force F permits 

one to directly measure t

 

2.2  Arterial tonometer 
The arterial tonometer is an instrument used for m

 Typically, it is placed over a superficial artery; the radial artery on the wrist is 

one convenient site for tonometer measurement [7]. 

Fig 2.3 shows an idealized model for illustration of tonometer working. P 

represents the blood pressure in superficial artery, and F is the force measured by a 

tonometer transducer. The forces, and moments are acting on the frictionless piston. 

An ideal membrane transmits only a tensile force T, and does not transmit any 

bending moment. The tension vector shown, T, is perpendicular to the pressure 

vector; so the force F, is independent of T, and depen

he intra-arterial pressure [7].  

 
Fig 2.3 Idealized model for a tonometer [7] 
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The sensor assembly is held by a strap with hold-down force of F1. The 

ter sensor is modeled as an assembly of springs with spring constant K. Thetonome  

arte l

arterial wing assumptions [7].   

 The artery above which sensor is placed is supported from below by bone (e.g. 

the radial artery is supported by radial bone) and the thickness of the skin over 

the artery is insignificant compared to the diameter of the artery.   

•  The arterial rider as shown in Fig 2.4 is smaller than the flattened area of the 

artery, and is placed over the flattened area of artery. It is about 0.2 mm wide. 

• The spring constant K of the force transducer is large as compared to the 

effective spring constant of the artery.  

 

ria  rider senses arterial pressure. Side structure allows the sensor to rest on the 

 wall. Design of sensor is based on follo

•

 
Fig 2.4 Schematic diagram of simple arterial tonometer [7] 

 

Recording of pulse signal is done by adjusting appropriate hold down force F1. 

The

 

strain gage transducer, semiconductor pressu  transducer, or a capacitive transducer 

An arterial rider present in simple tonometer requires accurate placement over the 

 procedure involves increasing the hold-down force and simultaneously pulse 

signal is recorded as shown in Fig 2.5. The pulse amplitude slowly increases as shown 

in part A, becomes maximum as shown in part B, and further reduces in part C, 

irrespective of any increase in F1. Hence F1 used for acquisition of pulse signal as 

shown in part B, is selected as optimum hold-down force. The tonometer sensor uses

re

[7]. 

superficial artery, hence requires a skilled operator. A multiple-element arterial 

tonometer sensor [7] is shown in Fig 2.6. It consists of an array of minimum 25 
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arterial riders with inter-element spacing of about 0.2 mm [7]. The sensor requires 

precise positioning over the artery such that some elements of the array are centered  

 

Fig 2.5 Procedure for obtaining optimal hold-down force in simple tonometer [7] 

 

over the artery. Then a computer automatically selects the sensor element that is 

correctly positioned over the artery for acquisition of pulse pressure. It searc or 

the larges n for 

further acquisition. Multiple-element tonometer sensor uses piezoresistive strain gages 

attache

hes f

t pulse amplitude, the corresponding sensor element will then be chose

d to diaphragm of 10 µm thick [7]. Some of the sensors based on arterial 

tonometry principle are described here. 

 

 
Fig 2.6 Schematic diagram of multiple-element arterial tonometer [7] 

 

"Model 7000", product of Colin Medical Instruments Corp. [10], works on this 

principle. It provides the beat-to-beat blood pressure values with arterial pressure 

waveform along with numeric values for systolic, mean, diastolic pressures, as well as 

pulse rate using piezoelectric pressure transducers. Fig. 2.7 shows the sensor position 

on the wrist and Fig 2.8 shows its working. This sensor contains array of piezoelectric 

pressure transducers separated by 0.2 mm [10]. The sensor is placed on the wrist over 
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the radial artery. A pneumatic pump and bellows press the transducer array against the 

skin and tissue above an artery. This pressure is known as the hold-down pressure. To 

determ e optimal hold- down pressure, the monitor searches through a range of 

pressure values until it measures the largest pulse pressure value, the procedure is as 

shown in Fig 2.9. When the artery is partially flattened, a graph called tonogram can 

be plotted to show the pulse amplitude versus transducer number. The sensor element 

whose pulse amplitude is near the maximum pulse amplitude is calibrated to the 

systolic and diastolic values obtained in the oscillometric cuff measurement and used 

for pulse acquisition [10]. 

in

 

Fig 2.7 Sensor position used in Model 7000 [10] 

 

 
 

 

 
Fig 2.8 Sensor used in Model 7000 [10] 
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 any wrist movements as shown in Fig. 2.11. The change in the electrical 

signals due to change in pressure is detected as a result of the piezoresistive nature of 

the sensor are then sent to the watch head via three small cables along the strap.  

 
 

“MediWatch”, recently reported device is based on the principle of tonometry.  

It is a non-invasive, continuous, multi-purpose device designed to monitor the blood 

pressure and pulse rate. It has a medical pressure sensor housed in a special casing, 

which contains a plunger that is ‘free-floating’ as it applanates the radial artery as 

shown in Fig. 2.10. The strap is specially designed to provide a constant force for 

effective applanation and ensuring the position of the sensor housing to remain 

constant after

 
Fig 2.9 Procedure for obtaining optimal hold-down pressure in Model 7000 [10] 

 

 
Fig 2.10 Puls h [9] 

This device has a LCD display panel to read the real-time blood pressure and 

heart rate. It is also able to transfer the data to the computer using standard RS232 

format or Wireless Technology. MediWatch provides continuous, beat-to-beat wrist 

e sensor "MediWatch" [9]               Fig 2.11 Top view of MediWatc
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arterial pulse rate measurements. It takes continuous reading of the Systolic and 

Diastolic blood pressure (Range: 10 - 300 mmHg.) and has the capacity to store four 

weeks’ worth of data. Fig. 2.12 shows the radial arterial pulse waveform obtained by 

MediWatch. 

 
Fig 2.12 Pulse waveform obtained by MediWatch [9] 

 

2.3  Microphone based system 
Binghe and Jinglin [11] have reported a microphone based system in 1998 for 

detecting pulse signal from the radial artery, which is as shown in Fig 2.13. It is 

po

&K- 2639), microphone power supply (B&K- 2804) and the data 

 

is trans

s shown 

in Fig 2

com sed of the sound-coupling cavity, condenser microphone (B&K- 4147), 

preamplifier (B

recorder.  The condenser microphone was used as a transducer to convert pulse on the 

wrist into electrical signals. The pulse wave radiating from the skin at the radial artery

mitted trough the coupling cavity onto the diaphragm of the microphone and 

emerged as electrical signals, which are then digitized for further analysis. The power 

spectra of four different types of pulses: normal pulse, smooth pulse, wiry pulse and 

slow-intermittent pulse, obtained by using the microphone based system are a

.14. 

 
Fig 2.13 Microphone based pulse sensing system for pulse signal, 
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                       reported by Binghe and Jinglin [11] 

 
Fig 2.14 Power spectra of pulse signals (a) normal pulse (b) smooth pulse 

    (c) wiry pulse (d) slow-intermittent pulse [11] 

 

2.4    Multichannel radial pulse wave transducer 

the three points measurement to simulate the manual diagnosis. This technique is 

based on tonometry principle. The system is composed of four pressure vessels, 

pressure sensors, and air applying pumps [12]. Out of the four pressure vessels, one is 

used for appropriately pressing the radial artery and three of them for detecting 

pressure change in several mmHg levels. The pneumatic system used in this system is 

based on Pascal law.  This pneumatic system works under two major assumptions: 

(a) A tissue is assumed as a fluid as the Poisons ratio of the tissue is relatively 

high (0.2~0.4). 

(b) According e transducer and 

the rider is un  the artery. 

Systolic-Diastolic Pressure (SDP) curve method evaluated the performance of 

the pneumatic mposed of a 

solenoid valve, pump, and cavity is cont lled by pulse width modulation (PWM) 

ow of blood in artery gets disturbed 

changes can be monitored by differential 

Recently in 2000 new measuring system is suggested and developed, which enables 

 to the Pascal law, the pressure distribution under th

iform, so the pressure distribution is also uniform along with

 system. The continuous pressure regulation system co

ro

signal. Fig 2.15 shows the transducers designed for three-point measurement. 

As the depressing pressure goes up, the fl

and blood pressure rises up. This pressure 

pressure sensor. The SDP curve verifies whether an artery is properly flattened or not. 

If an artery is flattened properly, then there exists a point where systolic and diastolic 

pressure curves meet [12]. Fig 2.16 shows the pressure curve obtained at three 

positions, and point D denotes the pressure at which artery is completely flattened. 

The distance between the systolic and the diastolic pressure curve is the amplitude of 

a pulse wave. Fig 2.17 shows the pulse waveform obtained at depressing pressure of 

96 mmHg. 
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Fig 2.15 Transducers for three-point measurement [12] 

 

 
(a) (b)  

 
(c) 

 

 

Fig 2.16  (a) Pressure waveform obtained at Kwan 
                 (b) Pressure waveform obtained at Chuck 

                       (c) Pressure waveform obtained at Chon [12] 
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Fig 2.17 Pulse wave at depressing pressure 96mmHg [12] 

 
 

2.5     Acquisition using phonocardiograph sensor and piezoelectric      

         transducer 
In 2003, at IIT Bombay an electronic stethoscope or phonocardiograph, which is 

normally used for recording of the heart sounds and murmurs, was used for pulse 

acquisi

us smaller blood vessels were 

picked up. In addition, the poor low frequency response of the sensor resulted in 

severe waveshape disorders. It was concluded that acquisition was adequate only for 

studying timing relationship with other waveforms but not for studying the shape of 

m itself. 

Further a piezoelectric transducer (diameter = 0.5") was used for pulse pick 

up. It generates an electrical output when subjected to mechanical stresses due to the 

vibrations at the radial artery, and this electrical output is recorded. The transducer is 

kept in place over radial artery by closing the Velcro strap firmly around the wrist. 

Position was adjusted in order to get the optimal signal strength. The obtained pulse 

lse waveform recorded using phonocardiograph sensor 

and piezoelectric transducer [4].   

 

tion. The PCG and pulse waveform were acquired by using two different 

electronic stethoscopes, "Medetron" and "Stethmate". Both are made of air-coupled 

crystal microphone. The crystal microphones contain a wafer of piezoelectric 

material, which generates an electrical output when subjected to mechanical stresses 

due to heart sounds. They are smaller in size and more sensitive [4]. But, the diameter 

of the chest-piece (1.5") of phonocardiograph is comparatively larger than the 

diameter of the radial artery. Hence along with the pulse signal, the noise: 

environmental sounds and the vibrations from vario

the pulse wavefor

waveform was much less noisy as compared to that from the phonocardiograph 

sensor. Fig. 2.18 shows the pu
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(a) Pulse using 

phonocardiograph 

sensor 

 
(b) Pulse using 

piezoelectric transducer 

 

  Fig 2.18 Pulse r ectric transducer 

 

2.6  
Upadhyay [5] used Dudgeon'

measure waveform involved study of following 

parame

•  (time taken by each pulse wave).    

ount of pressure exerted on the blood flow due to 

• t top points of the wave. It is due to rate of 

• 

•

According to , by using  technique, one can get 

information about the three 

Upadhyay studied the above parameters for pulse waves with the pulses classified in 

accordance with the three doshas. Fig 2.20a, Fig 2.20b and Fig 2.20c shows the 

am from normal subjects wit ha 

resp t

inimum pulse period and has 

smallest length of percussion wave. It has least angle of deviation and minimum 

ecorded using phonocardiograph sensor and piezoel

[4]

 

Analysis of pulse waveform 
s sphygmograph for pulse sensing and quantitative 

ments. The analysis of pulse 

ters [5]. 

Pulse period

• Length of percussion wave from the point of its start to the highest point of its 

top, which represents the am

the contraction of left ventricle. 

Distance between two neares

contraction of left ventricle.  

Angle of deviation of percussion wave. 

 Distance of dicrotic notch from the base line. 

ayurveda nadishastra

doshas:  vata, pitta and kapha in the body [2][3]. 

s ple pulse wave obtained h vata, pitta and kapha dos

ec ively.  

From the Fig.2.20, the vata pulse takes m
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distance of dicrotic notch from the base line of pulse wave. The pitta pulse has 

medium pul gle 

in bending towards the base and maximum distance of dicrotic notch from the base 

line of 

se period, highest length of percussion wave, maximum deviation of an

pulse wave. The kapha pulse indicates maximum pulse period, medium length 

of percussion wave, medium deviation of angle in bending towards the base and 

medium distance of dicrotic notch from the base line. 

 

 

 
 

 

 
Fig 2.1             

c and diastolic blood pressure. An acquired pulse waveform is as 

shown in Fig 2.21. Based on these parameters, the arterial system of subject was 

described which involved following indices [8]. 

9 (a) Vata Pulse, (b) Pitta Pulse, and (c) Kapha Pulse obtained using                   
Dudgeon's sphygmograph [5] 

 
 

Dasrao et al [8] used Mediwatch for pulse sensing and measurement of arterial 

pulse rate, systoli
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Fig 2.20 Pulse wave analysis using MediW tch [8] 

• Augmented pressure is defined as the pressure difference between the first 

peak, Pb and second peak, Pc.  

re time index is the integral of pressure multiplied by 

time throughout systole. 

• Diastolic pressure time index is the integral of the diastolic part of the pressure 

tolic pressure time index. 

• Pulse pressure is the pressure difference between the systolic pressure Pc and 

nd-diastolic pressure Pa. 

• ean arterial pressure is the area under curve of a whole pulse wave cycle 

divided by time period of cycle. 

                                        

a

   

• Systolic (tension) pressu

wave. 

• Sub-endocardial viability ratio is the ratio of diastolic pressure time index to 

sys

e

M

( )
T

P
mmHgMAP

eT
∑

aTj
j

==                                    (2.6.1) 

 where T = time period of pulse wave (  - Ta) 

• Mean systolic pressure is the average pressure between the foot of pulse, Pa 

and incisura, Pd. 

                                         

Te

( )
ad

dT
∑

a
j

TT

P
mmHgMSP

−
= Tj=

                                (2.6.2) 

• Mean diastolic pressure is the average pressure between the incisura, Pd and 

beginning of next pulse wave. 

                               ( )
de

eT

Tdj
j

TT

P
mmHgMDP

−
=

∑
=                               (2.6.3) 
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Binghe and Jinglin [11] have used icrophone based pulse detecting 

system for sensing arterial pulse at wrist and a wer spectra of four types 

(according to traditional Chinese medicine system) of pulses. The pulse has been 

classified as normal pulse, smooth pulse, wiry pulse and slow-intermittent pulse [11]. 

The pulse signal was low pass filtered uency 50 Hz. Further analog 

pulse signal was digitized by using sam

duration T FT 

length of 2048 (= fs T) as shown in Fig 2.22.  

the m

nalyzed the po

 with cut-off freq

pling frequency fs of 128 Sa/s with recording 

of 16 s. The power spectrum of pulse signal was obtained by using F

 

 
Fig 2.21 Power spectra of pulse signals (a) normal pulse (b) smooth pulse  

wer spectra show that spectral density extends up to 25 Hz, with the 

rease in frequency. The spectral energy of pulse is 

on of cardiac 

functio

 

    (c) wiry pulse (d) slow-intermittent pulse [11] 
 

Po

envelope decreasing with inc

approximately concentrated below about 10 Hz. Hence the spectral energy within 10 

Hz, and the total energy was obtained by integrating the energy over 0 Hz-10 Hz and 

0 Hz-40 Hz respectively. The spectral energy ratio (SER) of the normal pulse within 

10 Hz was above 99% of the total energy, the corresponding values for wiry pulse and 

smooth pulse were 97% and 83.7% respectively.  

Aparna Surve [4] acquired the radial arterial pulse using a piezoelectric sensor 

and studied its cross-correlation with simultaneously recorded PCG for investigating 

change in the delay in the cross-correlation peak as an indicati

ning and arterial blood flow rate. Figure 2.24 shows the cross-correlation of 

PCG with RAP.  
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(a) Cross-correlation at 120 bpm 

 
 

(b) Cross-correlation at 90 bpm 

 
 

(c) Cross-correlation at 66 bpm 

 
Fig 2.22 Cross-correlation between PCG and pulse recorded using piezoelectric 

transducer at different times during post-exercise relaxation on a subject with normal 

health [4] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 17



 

 

 

Chapter 3 

SIGNAL ACQUISITION AND ANALYSIS 

he objective of this project is to carry out an exploratory analysis of radial arterial 

gnostic information. For this purpose signal acquisition, 

P waveform, three other physiologically related waveforms 

were 

es were used for right arm, left arm, and left 

leg usin

 

3.1 Introduction 
T

pulse (RAP) waveform for dia

display and analysis has been carried out on a PC.  The spectral characteristics of the 

waveform and its time relationship with other physiologically related waveforms have 

been investigated.  

This chapter provides a description of the signal acquisition setup and signal 

analysis, and the results from the analysis are presented and discussed in the following 

chapter.  

3.2 Signal acquisition 
The pulse waveform was acquired by using a piezoelectric transducer. It generates an 

electrical output when subjected to mechanical stresses due to the vibrations at the 

radial artery, and this electrical output is recorded [13]. The transducer is kept in place 

over radial artery by closing the velcro strap firmly around the wrist. Positioning is 

adjusted in order to get the optimal signal strength. 

Along with RA

simultaneously recorded. These are the electrocardiogram (ECG), 

phonocardiogram (PCG), and finger tip photoplethysmogram (PPG).   
An electrocardiogram is a recording of the changes occurring in the electrical 

potential difference between different sites on the skin as a result of cardiac activity 

[14]. Obtaining electrocardiogram involves the specific electrode placement, and site 

preparation for reducing the amount of impedance between the electrode and the skin 

surface. For ECG recording, 3 electrod

g stainless steel clamp electrodes. Electrode gel was applied to the electrode in 

order to increase its conductive contact with the skin, and hence the output voltage. 
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Signals were recorded using an ECG amplifier (SECG, from Pamtrons, Mumbai) 

from lead II (potential difference between left arm and right arm), selected on the 

basis of strongest QRS complex for normal subjects [14] [15].  

The activity of cardiac valves gives rise to sounds that can be sensed from the 

chest by using a stethoscope or phonocardiograph. The recording of these sounds 

known as phonocardiogram

shape in order to pick up vibrations with high intensity. Position of the sensor was 

adjusted on the chest wall for maximum pick up. For recording, a phonocardiograph 

(SPCG 01, Pam

idely 

used in monitoring the pulsation associated with change in blood volume in the 

ays 

of measurement in PPG. Here we have used reflection mode of measurement using 

index finger of the left hand for signal recording. 

e photo-detector, causes variation in photo-detector current, which is assumed to be 

lated to blood volume changes underneath the probe [17]. For PPG recoding, circuit 

After adjusting the positions for all the four sensors for acquiring optimum 

 Spectral 

analysis of these waveforms sho  EC , PCG xtended up to 

 was considered as appropriate. Further it was 

found that use of 10 bits did u n ss of y significant waveform features 

and hence 12 bit ADC resolution is sufficient for signal acquisition.  Hence the four 

waveforms were simultaneous acquired using 12-bit resolution at 1 kSa/s. the signal 

acquisition was done using USB based data acquisition unit (Adlink USBDAQ-9100-

the 4 

hannels) i.e. 5 s records. Fig. 3.1 shows an example of simultaneously recorded pulse 

waveform along with ECG, PCG and PPG wave, when subject was at rest. 

The recordings were obtained on 5 male volunteer subjects (24-28 years); with 

no known health problems. On each subject, recording was made under full rest 

condition. Then the subject exercised on an exercise bicycle to a comfortable extent as 

ken at 

regular interval. This was carried out to study the relation between heart rate (HR) and 

 (PPG) [16]. The recording sensor has inverted conical 

trons, Mumbai) was used. 

Photoplethysmogram is non-invasively obtained electro-optical signal w

peripheral vascular bed [17]. Transmission and reflection are the two different w

The reflected light, which reaches 

th

re

developed in our lab by Vinod Pandey was used [18].  

strength of signals, simultaneous recording of the four signals was done.

wed that RAP, G , and PPG e

450, 680, 700, 500 Hz respectively. Recordings were done without using antialiasing 

filters. Hence a sampling rate of 1 kSa/s

 not res lt i  lo an

MS). Signals were recorded in blocks of 5 k samples (20 k samples for all 

c

decided by the subject. During the post exercise relaxation, recordings were ta
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the four waveforms at different values of HR. Blood pressure was recorded under rest 

condition and immediately after the exercise. It was taken again after the last 

recordings in the relaxation phase. Recordings during exercise phase itself were not 

taken to avoid motion artifacts. From each subject, the recordings were taken on 5 

days within a week (as per the convenience of volunteer subject). 

 

 
Fig 3.1 (a) ECG, (b) PCG, (c) RAP, and (d) PPG wave of subject S2_Nar. Wave 

amplitudes are in arbitrary units. 

 

3.3 

 

response and hence are likely to be more robust. Hence it was decided to make 

measurements related to the shape of the power spectrum. In an earlier study [11], it 

has been reported that RAP spectrum generally extends only up to 40 Hz, and that a 

factor called “spectral energy ratio”, or SER, defined as the ratio of the energy below 

Spectral analysis 
Analysis of RAP waveform has been carried out for measurements in time domain [5] 

[8] as well as in frequency domain [11]. Time domain measurements on the 

waveshape are sensitive to the phase response of the sensor. Frequency domain 

measurements on the power spectrum of the signal are not affected by the phase
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10 Hz to the total energy, is related to different types of pulses. We have decided to 

use this factor. In order to quantify the distribution of energy in the harmonics, we 

have used total harmonic distortion. Additionally in order to quantify the shape of the 

log power spectrum, we have obtained the mean frequency, standard deviation, 

normalized skewness. 

The power spectrum of RAP waveform was obtained using averaging of the 

squared magnitude spectrum obtained from DFT of windowed segments of 5 k 

sample record. Larger window length gives better spectral resolution, while averaging 

of windows over a larger record length decreases statistical variations [19]. It was 

found that spectrum did not change appreciably for windows longer than 2.7 k 

samples, i.e. approximately 3 cardiac beats. For averaged power spectra, 2.7 k sample 

windows were used with 75% overlap.  

e With 5000-point DFT (2.7 k samples padded with zero valued samples), w

get the averaged magnitude spectrum ⎜X(k)⎜, for 0<k<2499. For sampling rate fs = 1 k 

Sa/s, the frequency indices corresponding to 10 Hz and 40 Hz are 50 and 200 

respectively. Equations for the various analysis parameters discussed above are as the 

following: 

Spectral energy ratio (SER) = 

∑

∑
=

=

=

=
199

0

2

49

0

2

)(

)(

k

k

k

k

kX

kX
                 (3.1) 

 

Harmonic distortion (HD) = 

∑

∑
−=

=

=

=
1

1

2

199 2

)(

)(

pk

k

k

pk

kX

kX

                  (3.2) 

( p  = 1.5 × frequency sample corresponding to fundamental frequency) 

 

Log power spectrum Sd (k) is obtained from the squared magnitude spectrum as:  

2)(log10)( kXkSd =                                                (3.3)  
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kThe mean, frequency sample  of the log spectrum is given as: 

           k  = 
∑
199

)(d kSk

∑
=

199

0
)(

k
d kS

Standard deviation of the frequency samples in the log spectrum is given as: 

k

=0k                                                       (3.4) 

∑

∑
σ  = 

=

=
−

199

0

199

0

2
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k
d

k
d

kS

kSkk
                           (3.5) 

The mean and standard deviation of frequency samples in the log spectrum were 

converted to frequency value by using: 

Mean f  = 5000sfk              (3.6) 

 

S.D. fσ  = 5000sk fσ              (3.7) 

Normalized skewness of the frequency samples in the log spectrum is given as:  

 

         NSK = 

∑

∑

=

=
−

199

0

199

0

3

)(

)()(
1

k
d

k
d

k kS

kSkk

σ
                    (3.8) 

3.4 Cross-correlation with physiologically related waveforms 
The objective in computing correlation between the two signals is to measure the 

degree to which the two signals are similar. The cross-correlation between two signal 

sequences  and  is a sequence( )nx ( )ny ( )lrxy , which is defined as [20] 

 ( ) ( ) ( )lnynxlr
n

xy −= ∑   ,...2,1,0
∞

−∞=
±±=l             (3.9) 

 

or, equivalently, as 

     ( ) ( ) ( )∑
∞

−∞=
+=

n
xy nylnxlr ,...2,1,0 ±±=l           (3.10) 
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If the two sequences are totally uncorrelated, the cross-correlation will have a low 

alue for all l. In case both waveforms have the same signal as the strong constituent, 

e delay for which maximum peak of cross-correlation occurs indicates the delay 

etween the two sequences [20]. Hence the location of the peak in the cross-

orrelation of two physiologically related waveforms may give the propagation delay. 

For our study ECG, PCG, RAP, and PPG, all physiologically related to cardiac 

ycle, were simultaneously recorded. Pairs of these waveforms were cross-correlated: 

ECG-PCG, ECG-RAP, ECG-PPG, PCG-RAP, PCG-PPG, and RAP-PPG. The 

location of peak in cross correlation of ECG and PCG waveform is an indication of 

delay between electrical activity of the heart and mechanical opening of the valves. 

Similarly considering ECG as reference si al, its cross correlation with RAP 

waveform gives an indication of delay between contraction of left ventricle in aorta 

and pressure pulse at radial artery. T re pulse at radial artery also 

depends on compliance of artery, and  Hence the ECG-RAP values 

may give an indicatio

In order to get base values of the delays, recordings with subjects at rest were 

cts of changes in beat rate and blood flow on these delays, 

recordings taken during the post-exercise relation have been used. Simultaneously 

v

th

b

c

c

gn

he delay in pressu

 blood flow rate.

n of state of arteries. 

used. To investigate the effe

recorded ECG, PCG, RAP, and PPG waveforms a subject at rest are earlier shown in 

Fig. 3.1. Cross-correlation for different pairs of these waveforms is shown in Fig. 3.2. 

 
Fig 3.3 (a) ECG-PCG, (b) ECG-RAP, (c) ECG-PPG, (d) PCG-RAP, (e) PCG-PPG , 

ct S2_Nar.  (f) RAP-PPG cross-correlated wave of subje
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It has been observed that in the ECG along with QRS complex, which 

PC

gen

corresponds to second heart sound. In case of RAP and PPG only one prominent 

cha sence of multiple peak complexes in 

ed waveforms. For our study we have separated the first and 

econd heart sound in PCG waveform, and cross-correlation has been obtained with 

only. This is being an exploratory study, cross-correlation with 

For separating heart sounds, energy envelope of PCG was calculated and then 

d second heart sounds were separated by using a 

software developed earlier by Vinod Pandey [18] [21]. As shown in Fig. 3.3, first 

PCG signal is passed through a band pass filter to attenuate high and low frequency 

noise and physiological interferences. Further squaring is done and squared waveform 

is low ered to ge rgy enve . 

 

indicates ventricular contraction, P and T waves have prominent amplitude. In the 

G signal two heart sounds are perceived. Closure of tricuspid and mitral valves 

erates first heart sound, whereas activity of aortic and pulmonary valves 

amplitude peak is there which corresponds to the arterial pressure and volumetric 

nge in blood flow respectively. Due to the pre

ECG and PCG, there was ambiguity in locating maximum peak in cross correlation. 

Hence it was decided to carry out pre-processing on ECG and PCG waveforms to 

enhance one of the peak complexes, in order to get accurate estimate of delays in 

these physiologically relat

s

the first heart sound 

pre-processed ECG were not carried out at this stage.   

by threshold detection, first an

 pass filt t ene lope

 
 

Fig 3.3 Processing stages for separating first and second heart sound [18] [21] 

 

Threshold detection is done on energy envelope by applying window, and size of 

window was selected to include one heart sound only. By threshold detection, peaks 

within the window size of 300 ms are located. Further window is advanced to check 

threshold crossing and to find next peak of energy envelope. After threshold detection 

by decision process first and second heart sound is identified. In the decision process 
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the ind

 very noisy plots in Fig. 3.3  

ex of detected peaks are compared with previous peak. If the time difference 

between ith peak and (i-1)th peak is greater than ith and (i+1)th peak, than (i- 1)th peak is 

identified as second heart sound and ith peak as first heart sound. After separating first 

and second heart sounds, cross-correlation of first heart sound with RAP, and PPG is 

used to find the delay. Cross-correlation for different pairs of waveforms with First 

heart sound is shown in Fig. 3.4. In this figure cross-correlation of first heart sound 

with respect to RAP as well as PPG gives very clearly defined peaks, as seen in plots 

(d) and (e) respectively, compared to

 

Fig 3.4 (a) ECG-Ist PC ) E -RA ECG-PPG,  PCG-RAP, ( CG

PPG , (f) PG cr orr ed wave of subject S2_Nar.  

 

 

 

 

 

 

 

 

 

 

 

 

G, (b CG P, (c) (d) Ist e) Ist P -

 RAP-P oss-c elat
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Chap 4 

R SU TS ND ISCUSSIO  
 

.1 Introduction 
ge: 24-28 years, given 

in Table 4.1) with normal health and no k  ca  dis he  w

f  tak r rest . qu th ect xercis

bicycle, t the pu  inc d. ub as advised to se e pac

and leve ercise such that it w igo ut com le. Du he po

exercise relaxation, recordi ter f app ately 

m nutes, until the rate re d to r re di n ea ording on, th

b od pr  also corded: rest, ed after exercis d at th

end of the last record ese rdi ere n on eryday 5 day

spread over a week. The time of the recording on differ ays an oss th

subjects  (as per th conven e o ol  sub , and h we ca

not use ecording ny r ons ith the time  day, a y leve

time ela er meals.  

 

4.2 Analysis  
Investigations involved fo owing ses

(a)  Hea HR) an pres  (B iat

(b) Spectral analysis of RAP waveform, by using the 5 spectral parame pectra

ener ER), armoni stort (HD g sp m mea quenc

(SM ard d  (SD  an a kew (NSK) iven i

Section 3.3.   

(c) Loca f peaks in the cross rrela f of th G, PC P, an

PPG waveforms, as described in Section 3.4. 

ter 

E L A D N

4
The recordings were obtained from 5 male volunteer subjects (a

nown rdiac orders. T  recording as 

irst en unde  nconditio  S eubs ently, e subj exercised on an e e 

so tha lse rate rease The s ject w lect th e 

l of ex as v rous b  not un fortab ring t st 

ngs were taken at regular in

t rne

vals o roxim 5 

i u  nea st con tion. I ch rec  sessi e 

lo essure was re  at  imm iately  the e, an e 

ing. Th reco ngs w  take ce ev  for s, 

ent d d acr e 

 varied e ienc f the v unteer jects) ence n 

these r s for a elati hip w of the ctivit l, 

psed aft

ll  analy : 

rt rate ( d blood sure P) var ions 

ters: s l 

gy ratio (S h c di ion ), lo ectru n fre y 

F), stand eviation F), d norm lized s ness , as g n 

tion o -co tion o pairs e EC G, RA d 
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S istic is of e (H and bo ame n the f f mea

and stan viation he v us r ing condition

the correlation coefficients [22] [23] be  p f th 2 para s wer

compute tabulate

 

4.3 Results 
Table 4.1 gives the average HR and BP for the subjects.  

 

Table 4.1 Subjects' information 

S4_Sach S5_Mer 

tat al analys heart rat R),  the a ve par ters, i orm o n 

dard de  across t ario ecord s, was tabulated. Further, 

tween airs o ese 1 meter e 

d and d.  

 

Subject code S1-Bha S2_Nar S3_Nav 

Age  8  (years) 24 24 24 2 24

Avg. HR  

(b
 99 80 

pm) 
80 83 90 

Avg. Systolic BP 

(mmHg) 
104 110 123 114 158 

Avg. Diastolic BP 

(m
73 70 82 

mHg) 
78 112 

 

Table 4.2 gives the HR and RAP spectral p ters at resting co n (pre

exercise) across the days for each subject. Table 4.3 - 4.7 give the same  unde

various dition, ize e re re d in .1 a-e. 

Table 4.8 gives the delays between wavefo irs o d from tion o

cross-correlation peaks, u der res con n (pre-exercise). Values under variou

p ses o ercis tab  in  4.9 , subj e. Th

results a ted in g. 4.2 a – e.

I study we ave use  tot 12 meters: HR, 5 R pectra

paramet d 6 de een vef ai ithou  aprior othes

about relation between parameter ey co ed in s, by t g eac

recording as a trial. Thus for each subject we had 25 recordings (5 days

arame nditio -

values r 

test con  subjectw . Th sults a p elott Fig. 4   

rm pa btaine  loca f 

n ting ditio s 

ha f post-ex e tion relaxa  are ulated  Table  - 4.13 ectwiz e 

re plot Fi  

n this h d a al of  para AP s l 

ers, an lays betw  wa orm p rs. W t any i hyp is 

s, th were rrelat  pair r neati h 

×5 

recordin ). For gs/day a 23=fα , a correlation >0.5 will ind strong lation

Table 4.14 gives the values of correlation betwee se p ters, w ubjec

are at re ondition erci  Ta 5 9 giv  same  unde

various test condition, sub ctwize

icate  corre . 

n the arame hen s ts 

sting c  (pre-ex se). ble 4.1 to 4.1 es the values r 

je .  
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T ble 4 cise H  and RA pect aram s of all the subject

Sub Day ER HD ean  
 NSK 

a .2 Pre-Exer R P s ral p eter s  

BP HR  M Std.
Dev

 (mmHg) pm   (H (b ) z)  
1 107 67 80 99.6 59.7 17.5 11.9 6.5 
2 94 64 83 99.9 44.9 16.9 11.7 6.9 
3 100 78 78 99.9 76.2 16.9 11.7 6.9 
4 111 76 96 98.6 66.7 17.4 11.6 6.3 

S1 

 107 79 65 99.6 69.6 17.5 11.9 6.5 5
 Mean 104 73 80 99.5 63.4 17.2 11.8 6.6 
 7 7 11 0.6 11.9 0.3  Std. Dev. 0.1 0.3 

1 120 67 98 99.4 27.1 17.9 11.8 5.9 
2 112 67 85 97.8 78.5 17.3 11.5 6.8 
3 94 63 76 99.1 60.7 17.2 11.7 6.8 
4 118 81 1 99.9 73.0 16.9 11.7  9 6.9 

S2 

0 3 8.6 104.0 5 105 7  8 9  17.2 11.5 6.9 
 Mean 110 70 87 98.9 68.7 17.3 11.6 6.7 
 ev. 7 8 0.8 28.1 .4 Std. D 11 0 0.1 0.4 

1 133 82 231  99.3 45.2 17.8 11.9 6.3 
2 113 73 80 97.8 94.9 17.3 11.5 6.8 
3 96 68 73 99.8 6.5  185.4 1 11.6 7.4 
4 109 74 93 99.7 78.7 17.3 11.8 6.8 

S3 

93 83 5 117 99.4 80.1 17.5 11.8 6.6 
 Mean 114 78 90 99.2 96.9 17.3 11.7 6.8 
 ev. 10 20 0.8 52.7 .5 Std. D 13   0 0.2 0.4 

1 156 120 06 1  99.9 42.4 16.4 11.6 7.5 
2 151 106 06 1  99.9 29.6 17.1 11.9 6.9 
3 171 109 93  99.8 52.8 16.9 11.6 6.2 
4 161 117 87  99.9 20.6 17.0 11.7 6.9 

S4 

152 106 101 5 99.2 57.7 17.9 11.9 6.1 
 Mean 158 112 99 99.7 40.6 17.0 11.8 6.7 
 ev. 7 8 0.3 15.5 .5 Std. D 8 0 0.1 0.6 

1 118 78 75 99.9 42.7 16.8 11.7 7.1 
2 118 79 81 99.9 65.7 16.6 11.6 7.3 
3 125 83 83 99.9 66.3 16.8 11.8 7.2 
4 140 87 78 99.2 74.3 17.5 11.8 6.5 

S5 

83 85 5 113 99.8 99.5 16.9 11.8 6.9 
 Mean 123 82 80 99.7 69.7 16.9 11.8 7.0 
 ev. 4 4 0.3 20.4 .3 Std. D 11 0 0.1 0.3 
          

Mean 83 87 122 99.4 67.8 17.2 11.7 6.8 Total 
ev. 17 13 0.6 32.6 .4 Std. D 22   0 0.1 0.4 
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T ble 4 AP sp ctral pa eter ub _Bh

ay on Mean Std. . NSK 

a .3 HR and R e ram s of s ject S1 a  

D Conditi BP HR ER HD Dev
 (mmHg) (bpm) (Hz)     

Pre-Ex 107/67 80 99.6 59.7 17.5 11.9 6.5 
Str-1 126/72 100 99.3 29.7 18.4 12.0 5.6 
Str-2 . 95 99.5 35.6 18.2 11.9 5.5 
Str-3  84 99.5 49.5 17.9 11.9 5.9 

1 

101/75 84 18.2 11.9 Str-4 99.7 40.4 5.7 
 Mean 8  99.6 42 9 18.0 11.9 5.8  9 .
 Std. Dev.  9 0.1 11.8 0.4 0.0 0.4 

Pre-Ex 94/64 83 16.9 11.7 99.9 44.9 6.9 
Str-1 121/72 103 99.9 14.1 17.4 11.9 6.6 
Str-2  99 99.9 8.0 17.4 11.9 6.6 
Str-3  84 98.9 47.2 17.5 11.7 6.6 

2 

tr-4 98.8 79.2 17.5 11.8 6.7 S 99/67 85 
 Mean  91 99.5 38.7 17.3 11.8 6.7 
 ev. Std. D  9 0.6 28.7 0.3 0.1 0.1 

Pre-Ex 100/78 78 99.9 76.2 16.9 11.7 6.9 
Str-1 119/76 142 99.1 43.0 17.5 11.8 6.4 
Str-2  101 98.9 55.8 17.5 11.7 6.6 
Str-3  96 99.2 50.2 17.4 11.6 6.5 

3 

104/70 96 17.4 11.6 Str-4 99.5 61.5 6.8 
 Mean  103 99.3 57.4 17.4 11.7 6.7 
 ev. Std. D  24 0.4 12.6 0.2 0.1 0.2 

Pre-Ex 111/76 96 98.6 66.7 17.4 11.6 6.3 
Str-1 112/70 103 99.7 64.9 17.2 11.7 6.8 
Str-2  98 99.9 45.8 17.4 11.9 6.6 
Str-3  89 98.1 71.1 17.3 11.6 6.8 

4 

108/67 87 17.1 11.4 Str-4 98.8 63.9 7.0 
 Mean  95 98.9 62.5 17.3 11.6 6.7 
 ev. Std. D  7 0.8 9.7 0.1 0.2 0.3 

Pre-Ex 107/79 65 99.6 69.6 17.5 11.9 6.5 
Str-1 102/65 91 99.5 53.4 17.2 11.8 7 
Str-2  89 99.6 58.6 17.0 11.7 6.9 
Str-3  82 99.7 80.3 17.4 11.9 6.7 

5 

118/59 75 17.4 11.7 Str-4 99.7 83.9 6.6 
 Mean  80 99.6 69.2 17.3 11.8 6.8 
 ev. Std. D  11 0.1 13.2 0.2 0.1 0.2 
         

Mean  91 99.4 54.1 17.5 11.8 6.5 Total 
ev. Std. D  14 0.5 19.3 0.4 0.2 0.4 
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T ble 4 AP sp ctral pa eter ub _Na

ay on Mean Std. . NSK 

a .4 HR and R e ram s of s ject S2 r  

D Conditi BP HR ER HD Dev
 ( (Hz)  (mmHg) bpm)    

Pre-Ex 120/67 98 99.4 27.1 17.9 11.8 5.9 
Str-1 160/83 128 98.7 68.6 17.6 11.6 6.5 
Str-2  100 98.0 99.2 17.3 11.5 6.7 
Str-3  88 99.1 77.3 17.5 11.8 6.5 

1 

120/76 109 Str-4 99.3 50.9 17.9 11.9 6.0 
 Mean 1  98.9 64.6 17.7 11.7 6.3  05
 Std. Dev.  15 0.6 27.2 0.3 0.2 0.3 

Pre-Ex 112/67 85 97.8 78.5 17.3 11.5 6.8 
Str-1 170/83 116 23.4 17.5 11.5 6.6 98.8 
Str-2  103 98.7 50.0 17.3 11.3 6.9 
Str-3  90 99.2 84.6 17.6 11.7 6.5 

2 

113/73 87 Str-4 98.3 75 17.3 11.6 6.8 
 Mean 98.6 62.3 17.4 11.5 6.7  96 
 Std. Dev.  13 0.6 25.4 0.1 0.2 0.2 

Pre-Ex 94/63 76 99.2 60.7 17.2 11.7 6.8 
Str-1 186/169 137 99.0 45.1 17.3 11.5 6.6 
Str-2  93 98.3 65.9 17.1 11.5 6.9 
Str-3  86 99.6 30.7 17.7 11.9 6.4 

3 

127/74 96 Str-4 98.9 77.6 17.4 11.6 6.6 
 Mean  98 98.9 55.9 17.4 11.6 6.7 
 Std. Dev. 0.5  23 18.4 0.2 0.2 0.2 

118/81 91 99.9 73.0 16.9 11.7 6.9 Pre-Ex 
164/74 137 99.4 69.3 17.4 11.7 6.6 Str-1 

 98 99.3 73.1 17.1 11.5 6.9 Str-2 
 84 98.9 80.2 17.1 11.6 6.9 Str-3 

4 

112/94 87 98.5 90.1 17.0 11.5 7.1 Str-4 
 Mean  99 99.2 77.1 17.1 11.6 6.9 
  22 0.5 8.2 0.1 0.1 0.2 Std. Dev. 

105/70 83 98.6 104.0 17.2 11.5 6.9 Pre-Ex 
130/72 120 97.3 64.3 17.7 11.6 6.3 Str-1 

 98 98.9 92.9 17.3 11.5 6.9 Str-2 
 90 99.7 88.1 17.2 11.7 6.8 Str-3 

5 

112/75 95 99.4 68.5 17.2 11.7 6.8 Str-4 
  97 98.8 83.6 17.3 11.6 6.7 Mean 
 Std. Dev.  14 0.9 16.8 0.2 0.1 0.3 
         

Mean  99 98.9 68.7 17.4 11.6 6.7 Total 
ev.  17 0.6 21.3 0.3 0.1 0.3 Std. D
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T ble 4 nd RAP sp ctral pa eter ub _Na

B  H  Mean Std. v. NSK 

a .5 HR a e ram s of s ject S3 v  

Day Condition P R ER HD De
 (mmHg) (bpm) (Hz)     

133/82 123 99.4 45.2 17.8 11.9 6.3 Pre-Ex 
139/89 160 98.3 32.1 17.7 11.8 6.5 Str-1 

 123 99.4 46.2 17.6 11.8 6.4 Str-2 
 120 98.8 48.9 17.8 11.8 6.4 Str-3 

1 

116/82 128 99.1 54.7 17.7 11.7 6.5 Str-4 
  1  31 98.9 45.4 17.7 11.8 6.4 Mean 
 Std. Dev. 1  0.6 8.3 0.1 0.1 0.1  67

Pre-Ex 113/73 80 97.8 94.9 17.3 11.5 6.8 2 
135/80 160 98.4 57 17.5 11.6 6.6 Str-1 

Str-2  128 79.2 17.4 11.7 6.7 99.6 
Str-3  122 99.3 89.1 17.7 11.8 6.4 
Str-4 115/76 109 99.7 63.8 17.0 11.7 6.9 

 Mean  120 98.9 76.8 17.4 11.7 6.7 
 Std. Dev.  29 0.8 16.2 0.3 0.1 0.2 

Pre-Ex 96/68 73 99.8 185.3 16.5 11.6 7.4 
Str-1 186/169 132 99.6 61.8 16.9 11.6 7.1 
Str-2  123 99.5 74.8 17.1 11.7 7.0 
Str-3  120 99.8 65.8 17.2 11.7 6.9 

3 

Str-4 127/74 96 99.6 124.8 17.1 11.6 6.8 
 Mean  109 99.7 102.5 16.9 11.6 7.0 
 Std. Dev.  24 0.1 52.7 0.3 0.1 0.3 

Pre-Ex 109/74 93 99.7 78.7 17.3 11.8 6.8 
Str-1 134/79 160 99.4 75.7 17.6 11.7 6.6 
Str-2  109 99.2 54.12 17.6 11.7 6.5 
Str-3  129 99.7 76.7 17.2 11.8 6.8 

4 

Str-4 104/74 116 99.6 63.5 17.5 11.9 6.7 
 Mean  121 99.5 69.8 17.4 11.8 6.7 
 Std. Dev.  25 0.2 10.6 0.2 0.1 0.2 

Pre-Ex 117/93 83 99.4 80.1 17.5 11.8 6.6 
Str-1 127/72 137 99.1 70.2 17.3 11.6 6.8 
Str-2  101 98.2 91.9 17.3 11.6 6.8 
Str-3  110 79.8 17.0 11.5 6.9 99.4 

5 

Str-4 113/81 106 99.4 87.9 17.1 11.7 7.1 
 Mean  107 82.0 17.2 11.6 6.8 99.1 
 Std. Dev.  20 0.5 8.4 0.2 0.1 0.2 
         

Mean  118 99.2 75.3 17.3 11.7 6.7 Total 
Std. Dev.  23 0.5 30.1 0.3 0.1 0.3 
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Table 4.6 HR and RAP spectral parameters of subject S4_Sach  

Day Condition BP HR ER HD Mean Std. Dev. NSK 
  (mmHg) (bpm)   (Hz)  

Pre-Ex 156/120 106 99.9 42.4 16.4 11.6 7.5 
Str-1 177/134 191 99.8 23.3 16.9 11.7 6.9 
Str-2  128 99.9 26.5 17.5 11.8 6.6 
Str-3  119 99.7 60.2 16.9 11.6 6.8 

1 

Str-4 164/119 109 99.8 50.7 17.1 11.6 6.9 
 Mean  131 99.8 40.6 16.9 11.7 6.9 
 Std. Dev.  35 1 15.7 0.4 0.1 0.3 0.

Pre-Ex 151/106 106 29.5 17.1 11.9 6.9 99.9 
Str-1 159/145 109 99.8 25.7 16.9 11.7 6.9 
Str-2  109 99.3 57.2 17.5 11.7 6.41 
Str-3  122 99.7 30.3 16.9 11.6 7.1 

2 

Str-4 151/120 112 99.8 82.6 17.3 11.8 6.7 
 Mean  112 99.7 45.1 17.2 11.7 6.8 
 Std. Dev.  6 0.2 24.4 0.3 0.1 0.3 

Pre-Ex 171/109 93 99.8 52.8 16.6 11.6 6.2 
Str-1 177/111 128 99.5 72.7 17.1 11.6 6.9 
Str-2  120 99.4 49.3 17.5 11.8 6.5 
Str-3  120 99.7 59.4 17.4 11.8 6.6 

3 

Str-4 152/113 116 99.5 77.8 17.2 11.7 6.8 
 Mean  115 99.6 62.4 17.2 11.7 6.6 
 Std. Dev.  13 0.2 12.4 0.2 0.1 0.3 

Pre-Ex 161/117 87 99.9 20.6 17.0 11.7 6.9 
Str-1 187/169 147 99.4 59.3 17.6 11.7 6.4 
Str-2  116 99.6 76.4 17.5 11.7 6.5 
Str-3  111 99.4 61.7 17.4 11.7 6.8 

4 

Str-4 159/119 106 99.8 71.6 17.3 11.7 6.7 
 Mean  113 99.6 57.9 17.4 11.7 6.6 
 Std. Dev.  22 0.2 21.9 0.2 0.0 0.2 

Pre-Ex 152/106 101 99.2 57.7 17.9 11.9 6.1 
Str-1 224/206 153 99.4 71.1 16.9 11.4 7.2 
Str-2  112 99.8 92.0 16.8 11.7 7.2 
Str-3  108 99.8 74.4 17.1 11.8 6.9 

5 

Str-4 158/106 101 99.3 72.1 17.2 11.7 6.8 
 Mean  115 99.5 73.5 17.2 11.7 6.8 
 Std. Dev.  22 0.3 12.3 0.5 0.2 0.5 
         

Mean  117 99.6 55.9 17.2 11.7 6.8 Total 
Std. Dev.  21 0.2 20.5 0.3 0.1 0.3 
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Table 4.7 HR and RAP spectral parameters of subject S5_Mer  

Day Condition BP HR ER HD Mean Std. Dev. NSK 
  (mmHg) (bpm)   (Hz)  

Pre-Ex 118/78 75 99.9 42.7 16.8 11.7 7.1 
Str-1 151/136 121 99.7 68.3 16.9 11.6 7.0 
Str-2  93 99.7 74.7 16.7 11.6 7.3 
Str-3  90 99.6 58.7 16.6 11.6 7.3 

1 

Str-4 120/79 89 99.9 57.6 16.7 11.8 7.1 
 Mean  94 99.8 60.4 16.8 11.7 7.2 
 Std. Dev.  17 0.1 12.2 0.2 0.1 0.1 

Pre-Ex 118/79 81 99.9 65.7 16.6 11.6 7.3 
Str-1 145/86 108 99.9 58.9 16.9 11.7 7.1 
Str-2  103 99.7 89.9 17.0 11.7 7.0 
Str-3  96 64.5 17.1 11.8 6.9 99.8 

2 

Str-4 113/81 101 87.6 17.1 11.8 6.9 99.9 
 Mean  98 73.3 16.9 11.7 7.0 99.8 
 Std. Dev.  10 .1 14.4 0.2 0.1 0.2 0

Pre-Ex 125/83 83 99.9 66.3 16.8 11.8 7.2 
Str-1 173/156 123 99.8 88.3 17.0 11.8 7.1 
Str-2 119/82 101 99.8 94.9 17.2 11.9 6.9 
Str-3  100 99.9 54.6 16.2 11.6 7.6 

3 

Str-4 126/86 96 99.9 89.6 16.6 11.7 7.4 
 Mean  101 99.9 78.7 16.8 11.8 7.2 
 Std. Dev.  14 0.1 17.4 0.4 0.1 0.3 

Pre-Ex 140/87 78 99.2 74.3 17.5 11.8 6.5 
Str-1 133/79 96 99.6 99.9 16.9 11.7 7.0 
Str-2  91 99.8 74.6 16.9 11.7 6.9 
Str-3  96 99.9 69.6 17.2 11.8 6.7 

4 

Str-4 123/90 101 99.5 88.3 17.1 11.7 6.9 
 Mean  92 99.6 81.3 17.1 11.8 6.8 
 Std. Dev.  9 0.26 12.5 0.2 0.1 0.2 

Pre-Ex 113/83 85 99.8 99.5 16.9 11.8 6.9 
Str-1 125/77 103 99.8 91.4 16.8 11.9 7.4 
Str-2  98 99.7 99.8 17.1 11.8 6.9 
Str-3  98 99.7 87.9 17.3 11.9 6.7 

5 

Str-4 122/81 96 99.8 99.5 17.2 11.9 6.9 
 Mean  96 99.8 95.6 17.1 11.9 6.9 
 Std. Dev.  7 0.1 5.6 0.2 0.1 0.2 
         

Mean  96 99.8 77.9 16.9 11.8 7.0 Total 
Std. Dev.  11 0.2 16.7 0.3 0.1 0.2 
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Fig. 4.1 (a) Plot of HR and RAP spectral parameters with exercise. Subject: S1_Bha 
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Fig. 4.1 (b) Plot of HR and RAP spectral parameters with exercise. Subject: S2_Nar 
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Fig. 4.1 (c) Plot of HR and RAP spectral parameters with exercise. Subject: S3_Nav 
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Fig. 4.1 (d) Plot of H  R  spe l pa rs exe . Su  S4_S
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Table 4.8 Pre-Exercise HR and delays (obtained from cross-correlation peaks) 

between waveform pairs of all the subjects  

Sub Day BP HR Delay (ms) 
 

 
P
R

R
P

EC
PP

E
P P(mmHg) (bpm) ECG- 

RAP 
CG- 
AP -

AP 
PG

G-
G 

CG-
CG 

PCG-
PG 

1 107 67 49.0 4 4.5 25.9 16.4 80 6.4 55.4 
2 94 64 2.0 9.3 10.8 83 44.0 2.4 7.4 
3 100 78 46.0 2.9 11.2 12.6 78 45 51.4 
4 111 76 36.0 4 10.0 16.2 12.5 96 5.2 52.5 

S1 

107 79 49.0 4 4.0 22.6 16.2 5 65 4.8 50.2 
 Mean 104 73 45.7 4.7 17.0 13.7 80 44.8 51.2 
 Std. Dev. 7 7 18.7 3.1 7.2 2.48 11 5.36 19.2 

1 120 67 50.0 5 3.0 13.6 2.5 98 2.5 54.9 
2 112 67 53.0 19 6.0 11.8 3.3 85 .9 24.1 
3 94 63 58.0 2 6.0 15.3 3.7 376 4.9 5.2 
4 118 81 53.0 4 6.0 13 2.5 91 4.2 48.4 

S2 

105 70 4 11.5 14.7 2.9 5 83 45.5 9.9 58.5 
 Mean 110 70 36.9 6.5 13.7 3.0 41.4 87 51.9 
 Std. Dev. 11 7 12.8 3.1 1.4 0.5 8 4.6 9.1 

1 133 82  3 4 10.5 9.8 123 58 4.6 38.7 
2 113 73 2 4 9.9 13.2 280 49 3.6 8.1 
3 96 68 2 3 10.7 6.6 373 50 7.9 4.2 
4 109 74 6 9.9 1693 49 15 .2 20.1 

S3 

117 93 2 2 11.4 12.9 5 83 51 1.1 25.8 
 Mean 114 78 27.7 3 10.5 11.7 90 51.4 .8 31.7 
 Std. Dev. 13 10 12.7 1.5 0.6 3.7 20 3.8 14.1 

1 156 120  13.7 26 3.1 6.9 4.9 106 .1 29.3 
2 151 106 13.2 1 2.9 13.6 4.3 106 9.1 8.9 
3 171 109 14.0 2.6 14.5 4.1 93 7.8 27.8 
4 161 117 16.9 2.5 14.6 3.8 287 4.8 9.2 

S4 

152 106  2.6 15.4 3.4 5 101 4.9 8.4 28.9 
 Mean 158 112 13.2 2. 1 499 12.5 7 3 .1 16.3 
 Std. Dev. 8 7 0.3 3.5 0.6 8 4.5 9.0 9.2 

1 118 78 20 2.4 19.6 9.7 75 71.0 .2 22.7 
2 118 79 66.3 2 2.1 33.8 6.2 81 2.6 23.6 
3 125 83 2 3.4 38.3 9.1 283 66.0 5.4 6.6 
4 140 87 13.8 2 4.5 40.1 6.1 78 0.3 21.4 

S5 

113 83 2 2.2 43.4 6.9 5 85 14.0 5.2 26.1 
 Mean 123 82 25.0 2.9 35.04 7.6 80 46.2 27.9 
 Std. Dev. 11 4 12.3 1.0 9.3 1.7 4 29.6 13.3 
           

Mean 122 83 27.1 4.1 16.9 7.9 87 41.4 33.2 Total 
Std. Dev. 22 17 14.6 2.4 4.0 2.9 13 19.6 14.4 
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Table 4.9 HR and delays (obtained from cross-correlation peaks) between waveform 

pairs of subject S1_Bha  

Day Condition BP HR Delay (ms) 
 

 ( (b EC
RA

C
A

P
PG

C
PG

E
PmmHg) pm) G- 

P 
P
R

G-
P 

RA
P

-
 

E
P

G-
 

CG-
CG 

PCG-
PPG 

Pre-Ex 107/67 80 49 46. 4.5 25.9 16.4  4 55.4
Str-1 126/72 100 5.3 2.4 3.9 9.3 1 0.8 7.4 
Str-2  9 4. 45 5.6 11.2 12.6  5 7 51.4
Str-3  8 8.3 45.2 3.8 16.2 12.5  4 52.5

1 

Str-4 101/75 84 14.4 44. 6 22.6 1  8 6.2 50.2
 Mean  8 16 36. 4.8 17.0 13.7  9 .3 8 43.4
 Std. Dev.  9 18. 17.2 1.0 7.1 2.5   7  18.1

Pre-Ex 94/64 83 44 70 2 19.2 5 .9 72 
Str-1 121/72 103 37 46. 2.5 13.4 13.2  5 48.9
Str-2  99 40 49. 5 19.7 9  8 .9 55.1
Str-3  84 6 46. 11.6  1 16.9 18.9 62.6

2 

Str-4 99/67 8 5 30. 10.8  5 4 13.5 21.3 44.1
 Mean  9 26.4 48.6 8.0 18.5 10.3  1 56.5
 Std. Dev.  9 19. 14.2 6.8 2.8 2.8   2  11.1

Pre-Ex 100/78 78 46 17. 2.9 19.2 7.1  5 20.1
Str-1 119/76 14 33 42. 5.1 12 14  2 1 .2 44.8
Str-2  10 40 48 4 18.6 14  1 .8 52.5
Str-3  9 30 52. 4.5 23.6 17.1  6 2 56.4

3 

Str-4 104/70 96 40 54. 5 20.7 17  9 .4 60.1
 Mean  10 37 42. 4.3 18.8 14.1  3 .8 9 46.8
 Std. Dev.  24 6.3 15 0.9 4.3 4.2  16 

Pre-Ex 111/76 96 36 47. 10 19.9 7.8  9 58.2
Str-1 112/70 103 40 48. 4.7 15.4 16  8 53.8
Str-2  9 41 44. 5 19 14  8 5 .2 50.1
Str-3  8 36 40. 9 19.6 18.8  9 1 50.1

4 

Str-4 108/67 87 37 39. 13  2 12.5 20 .5 52.2
 Mean  9 38 44. 8.2 18.8 14.1  5 1 52.9
 Std. Dev.  7 2.4 4.4 3.4 1.9 4.1    3.4 

Pre-Ex 107/79 65 49 46. 4 18.7 6  8 .8 50.3
Str-1 102/65 91 14 35. 8 15.4 8.  1 9 43.5
Str-2  8 42 45. 4 18.8 14  9 1 .2 49.1
Str-3  8 17 45. 3.2 19.3 18.5  2 9 48.9

5 

Str-4 118/59 75 16 14. 5.6 19.6 14.8  9 20.8
 Mean  8 27 37. 5.0 18.4 12.6  0 .6 6 42.5
 Std. Dev.  11 16. 13.5 1.9 1.7 4.7   6  12.4
            

Mean  9 29 42 6.1 18.3 12.9  1 .2 48.4Total 
Std. Dev.  14 15. 13.6 3.7 3.8 3.7   5  13.8
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Table 4.10 HR and delays (obtained from cross-correlation peaks) between waveform 

pairs of subject S2_Nar 

Day Condition BP  s) HR Delay (m
  (mmHg) ) P

G A
P

C
PG

CG
CG

G-
PG (bpm ECG

RA
- 
 

PC
RA

-
P  

R
P

P -
G 

E
P

G-
 

E
P

-
 

PC
P

Pre-Ex 120/67 98  .5 3 13.6 2.5 4.9 50 52  5
Str-1 160/83 128 9 9.9 4.3 11.8 3.3 10 1    24.1 
Str-2  100  .9 10 15.3 3.7 5.2 50 24  3
Str-3  88 .2 4 13 2.5 8.4 49 44  4

1 

Str-4 120/76 109  .9 8.9 14.7 2.9 8.5 48 49    5
 Mean  105 2 .3 6.0 13.7 3.0 4.2 61. 38    4
 Std. Dev.  15 .7 4.9 3.2 1.4 0.5 26 1  14.3 

Pre-Ex 112/67 85  .6 6 20.4 11.7 5.1 53 48  4
Str-1 170/83 116  5 12.5 9.2 9.5 87 15 1
Str-2  103  .9 3.3 13.5 10.1 15 49 11   
Str-3  90  .9 3.3 19.1 12.1 35.5 53 31  

2 

Str-4 113/73 87 2 .5 3.4 13.9 14.7 9.9 53. 16   1
 Mean  96 0 .8 4.2 15.9 11.6 27 59. 24  
 Std. Dev.  13 .7 5.4 1.2 3.6 2.1 15 1  12.8 

Pre-Ex 94/63 76 8 2.5 6 22.2 11.2 8.2 5 3  3
Str-1 186/169   .5 7.5 15.7 5.7 18 137 96 10    
Str-2  93  .5 22 27 5.2 45 42 22  
Str-3  86  .8 6.5 22.9 8.9 1.1 60 24    3

3 

Str-4 127/74 96 6 .2 19 24.2 12.4 7.1 4 17  3
 Mean  97 4 12.2 22.4 8.7 3.9 60. 21.5 3
 Std. Dev.  23 .3 7.7 4.2 3.2 21 8.3 10.2 

Pre-Ex 118/81 91  25 6 15.2 8.6 53 30.8 
Str-1 164/74 137 87 .8 6.8 15.5 10.2 9.1 42   4
Str-2  98  .5 16 21.1 11.1 0.1 38 43  6
Str-3  84  .2 2.9 26.5 10.8 14 42

4 

11   
Str-4 112/94 87 5 4.6 20.5 15 3.4 48. 10.4 1

 Mean  99 7 .6 7.3 19.8 11.1 3.5 53. 26   3
 Std. Dev.  22 .5 16.2 5.1 4.7 2.4 19 20.9 

Pre-Ex 105/70 83 .5 26 11.5 22 9.4 8.1 45 3
Str-1 130/72 120 5 .2 4.2 15.3 9.8 2.5 9 18    2
Str-2  98 .9 .7 12.5 23.7 13.1 20 39 7    
Str-3  90 7 .2 4 13.7 13.6 1.1 5 7 1

5 

Str-4 112/75 95 5 .8 10. 18.4 13.2 1.5 42. 20  5   3
  97 .0 8.5 18.6 11.8 4.6 56 16  2Mean 
  14 .8 4.1 4.3 2.0 22 8.3 10.5 Std. Dev. 
            
Total Mean  99 1 .4 7.6 18.0 9.2 2.6 58. 25    3
  17 .9 14.1 5.1 4.6 4.0 14.8 Std. Dev. 19
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Table 4.11 HR and delays (obtained from cross-correlation peaks) between waveform 

pairs of subject S3_Nav 

Day Condition BP  HR Delay (ms) 
  (mmHg) ) P

G A
PG

CG
PG

CG
CG

G-
PG (bpm ECG

RA
- 
 

PC
RA

- 
P 

R
P

P -
 

E
P

-
 

E
P

-
 

PC
P

Pre-Ex 133/82 3 8 .6 4 10.5 9.8 8.7 12 5 34  3
Str-1 139/89 160 .6 .6 4.8 9.9 13.2 8.1 33 23  2
Str-2  123 4 .9 5.7 10.7 6.6 4.2 34. 27    3
Str-3  120 0.8 5 9.9 16.2 0.1 4 15 2

1 

Str-4 116/82 8 8 .1 4.6 11.4 12.9 5.8 12 44. 21   2
 Mean  131 3 .4 4.8 10.5 11.7 9.4 42. 24   2
 Std. Dev.  17  0.6 0.6 3.7 7.3 9.9 7.4 

113/73   .7 4 14.1 2.8 3.8 80 49 19  2Pre-Ex 
Str-1 135/80  9 .5 5.9 9.6 5.8 4.8 160 36. 28  3
Str-2  128  .5 5.5 11.1 9.1 2.2 51 17    2
Str-3  122  .5 4.3 13.2 8.2 3.6 63 19    2

2 

Str-4 115/76  1 .7 3.2 9.9 10.1 8.4 109 58. 24  2
 Mean  120 6 4.6 11.6 7.2 6.6 51. 22   2
 Std. Dev.  29 9 1.1 2.0 2.9 5.2 9. 4.5 

Pre-Ex 96/68 73 3 13.5 7.5 7.2 50 24.1 2
Str-1 186/169

3 
  .7 .8 5.9 11.5 6.2 9.4 132 39   33  3

 123 4 .5 2.6 10.5 8.6 5.9 57.  Str-2 23  2
 120 1 .2 3.3 10.9 9.3 1.4 52.   Str-3 28  3

127/74  .5 .3 2 13.2 9.9 8.5 96 47Str-4 16  1
  109 3 .2 3.4 11.9 8.3 28.5 49.   Mean 25  
  24  1.5 1.4 1.5 7.7 6.5Std. Dev. 6.4 

Pre-Ex 109/74   .1 6 17.8 11.2 2.2 93 49 46  54 
134/79 0 2 .2 5.7 9.6 5.4 2.8 16 40.  Str-1 17  2

 109 5 .4 4.7 10.6 3.6 0.2 53.   Str-2 15  2
Str-3  129 8 .2 3.2 11.1 8.9 18 48. 15   
Str-4 104/74  1 .7 4.7 12.8 7.9 7.5 116 49. 12   1

 Mean  121 1 .3 4.9 12.4 7.4 6.1 48. 21    2
 Std. Dev.  25 8 3.9 1.1 3.2 3.0 4. 1  14.7 

Pre-Ex 117/93  1 .2 2 12.9 7.3 6.2 83 5 14  1
Str-1 127/72  .8 .7 13.7 15.7 6 8.5 137 38 14  2
Str-2  101 5 .8 15.8 16.4 4.9 2.8 58. 16  3
Str-3  110 .2 .4 12.1 16.8 4.2 1.4 59 19  3

5 

Str-4 113/81 6 5 .8 17.5 19.8 7.9 3.4 10 44. 16  3
 Mean  107 4 .4 12.2 16.3 6.1 8.5 50. 16  2
 Std. Dev.  20 8 6.1 2.5 1.6 7.1 8. 2.1 
            
Total Mean  118 4 .9 6.0 12.6 8.1 7.8 48.   221  
  23  .9 4.2 2.8 3.1 Std. Dev. 8.2 7 8.3 
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Table 4.12 HR and delays (obtained from cross-correlation peaks) between waveform 

airs of subject S4_Sach  

Day Condition BP HR Delays (ms) 

p

 
 (mmHg) (bpm) ECG- 

RAP 
PCG- 
RAP 

RAP-
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

Pre-Ex 156/120 106 13.7 26.1 3.1 6.9 4.9 29.3 
Str-1 177/134 191 13.1 7.3 1.7 13.6 4.3 8.9 
Str-2  128 13.3 26.5 1.2 14.5 4.1 27.8 
Str-3  119 13 27.5 1.7 14.6 3.8 29.2 

1 

Str-4 164/119 109 13.6 26.9 1.9 15.4 3.4 28.9 
 Mean  131 13.3 22.9 1.9 13.0 4.1 24.8 
 Std. Dev.  35 0.3 8.7 0.7 3.5 0.6 8.9 

Pre-Ex 151/106 106 13.2 19.1 2.9 17.2 7 22.1 
Str-1 159/145 109 10.7 14.1 5.1 14.8 4.5 18.9 
Str-2  109 15.3 11.8 2.7 17.9 6.9 14.6 
Str-3  122 15.1 23.2 2.8 18.2 5.5 25 

2 

Str-4 151/120 112 11.5 26.5 2.7 15.2 5.2 29.2 
 Mean  112 13.2 18.9 3.2 16.7 5.8 22 
 Std. Dev.  6 2.1 6.1 1.0 1.6 1.1 5.6 

Pre-Ex 171/109 93 14 7.8 2.6 15.4 6.2 10.5 
Str-1 177/111 128 14.1 29.1 4.1 17.6 5.8 33.2 
Str-2  120 14.5 29.1 3.6 16.3 5.4 32.1 
Str-3  120 14.3 30.5 2.7 16.5 4.8 32.1 

3 

Str-4 152/113 116 6.6 28.5 4.2 16.2 4.8 32.6 
 Mean  115 12.7 25 3.4 16.4 5.4 28.1 
 Std. Dev.  13 3.4 9.6 0.8 0.8 0.6 9.8 

Pre-Ex 161/117 87 16.9 4.8 2.5 16.6 7.2 7.3 
Str-1 187/169 147 5 16.5 3.5 14.4 7 20.1 
Str-2  116 13.4 17.1 2.4 16.8 6.5 20.5 
Str-3  111 10.1 20.1 3.3 16.8 6.8 23.2 

4 

Str-4 159/119 106 13.3 27 3.1 17.5 6.5 30.1 
 Mean  113 11.7 17.1 3.0 16.4 6.8 20.2 
 Std. Dev.  22 4.5 8 0.5 1.2 0.3 8.3 

Pre-Ex 152/106 101 4.9 8.4 2.6 15.3 4.5 12.1 
Str-1 224/206 153 5.5 17.3 5.9 11.3 2.7 23.3 
Str-2  112 5.4 21.2 4.7 9.9 7.2 26.9 
Str-3 4.5 29.2   108 6.1 26.1 3.5 10.8 

5 

Str-4 5.2 31.6  158/106 101 14.7 28.4 3.1 17.2 
 Mean  115 20.3 4.0 12.9 4.8 24.6 7.3 
 Std. Dev.  22 4.1 7.9 1.3 3.2 1.6 7.6 
            

Mean  117 11.7 20.8 3.1 15.1 5.4 23.9 Total 
Std. Dev.  21 3.8 8 1.1 2.8 1.3 8 
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Table 4.13 HR and delays (obtained from cross-correlation peaks) between waveform 

airs of subject S5_Mer  

Day Condition BP HR Cross-correlation peaks (ms) 

p

 
 (mmHg) (bpm) ECG- 

RAP 
PCG-
RAP 

RAP-
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

Pre-Ex 118/78 75 71 20.2 2.4 19.6 9.7 22.7 
Str-1 151/136 121 14 22.6 0.9 33.8 6.2 23.6 
Str-2  93 10.4 25.4 1.15 38.3 9.1 26.6 
Str-3  90 7 20.3 1.1 40.1 6.1 21.4 

1 

Str-4 120/79 89 12.2 25.2 0.9 43.4 6.9 26.1 
 Mean  94 22.9 22.7 1.3 35.0 7.6 24.1 
 Std. Dev.  17 27.0 2.5 0.6 9.3 1.7 2.2 

Pre-Ex 118/79 81 66.3 13.7 2.1 15.2 7.2 15.8 
Str-1 145/86 108 60.3 10.7 2 13.1 8 12.7 
Str-2  103 49.8 10.4 2.5 13.8 12.9 12.9 
Str-3  96 57.4 11.8 2.3 17.8 13.3 14.1 

2 

Str-4 113/81 101 60.5 14.6 1.5 16.4 7 16.1 
 Mean  98 58.9 12.2 2.1 15.3 9.7 14.3 
 Std. Dev.  10 6.0 1.8 0.4 1.9 3.1 1.6 

Pre-Ex 125/83 83 66 34 3.4 18.7 8.6 37.4 
Str-1 173/156 123 6.9 30.2 3.3 10.7 4.6 33.5 
Str-2  101 13.8 28.2 2.9 16.4 9.6 30.7 
Str-3  100 15.6 21.1 1.1 18.3 8.9 22.2 

3 

Str-4 126/86 96 16 19.2 2.2 19.6 8.8 21.1 
 Mean  101 23.7 26.5 2.6 16.7 8.1 29 
 Std. Dev.  14 24.0 6.2 1.0 3.6 2.0 7.1 

Pre-Ex 140/87 78 13.8 41.7 4.5 16.7 7.8 46.2 
Str-1 133/79 96 10.4 34.3 2.3 10.8 4.8 36.6 
Str-2  91 13.4 33.9 2.8 16.5 5.5 36.9 
Str-3  96 14.4 41.2 3.8 18 5.7 45.1 

4 

Str-4 123/90 101 14.4 43.1 3.7 19.1 5.5 46.7 
 Mean  92 13.3 38.8 3.4 16.2 5.9 42.3 
 Std. Dev.  9 1.7 4.4 0.9 3.2 1.1 5.1 

Pre-Ex 113/83 85 14 15.2 2.2 15.4 7.9 17.4 
Str-1 125/77 103 8.5 10.1 3.3 14.5 6 13.4 
Str-2 6.2 14.2   98 13.3 11.3 2.9 14.3 
Str-3  98 16 20.5 2.8 19.8 7.3 23.2 

5 

Str-4 122/81 96 14.5 21.1 4.6 18.9 7.8 25.3 
 Mean  96 13.3 15.6 3.2 16.6 7.0 18.7 
 Std. Dev.  7 2.8 5.1 0.9 2.6 0.9 5.3 
            

Mean  96 26.4 23.2 2.5 20.0 7.7 25.7 Total 
Std. Dev.  11 22.8 10.3 1.1 8.9 2.2 10.8 
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Fig. 4.2 (a): Plots of Delays with exercise. Subject: S1_Bha 
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Fig. 4.2 (b): Plots of Delays with exercise. Subject: S2_Nar 
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Fig. 4.2 (c): Plots of Delays with exercise. Subject: S3_Nav 
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Fig. 4.2 (d) Plots of Delays with exercise. Subject: S4_Sach 
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Fig. 4.2 (e)  of Delays with exercise. Subject: S5_Mer 
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Table 4.14: Pre-exercise correlation across the subjects  
 

Spectral Delay  
Parameters 

 
 

HR 
 ER HD Mean Std. 

Dev. NSK ECG - 
RAP 

PCG - 
RAP 

RAP- 
PPG 

ECG - 
PPG 

ECG - 
PCG 

PCG - 
PPG 

HR 1 0 -0.44 0.28 0.21 -0.3 -0.34 -0.15 0.01 -0.51 -0.17 0.15 
ER 0.03 1 -0.21 -0.4 0.52 0.29 -0.1 -0.04 -0.54 -0.17 0 -0.2 
HD -0.44 -0.2 1 -0.26 -0.39 0.34 0.18 0.32 0.21 0 0.1 0.37 

Mean 0.28 -0.4 -0.26 1 0.46 -0.89 -0.1 -0.38 0.18 0.11 -0.01 0.07 
Std. 
Dev. 0.21 0.5 -0.39 0.46 1 -0.38 -0.24 -0.3 -0.41 -0.02 0.07 -0.02 

Spectral 

NSK -0.3 0.3 0.34 -0.89 -0.38 1 0.21 0.44 -0.1 -0.08 0.12 0.08 
ECG-
RAP -0.34 -0.1 0.18 -0.1 -0.24 0.21 1 0.39 0.14 0.27 0.35 0 

PCG-
RAP -0.15 -0 0.32 -0.38 -0.3 0.44 0.39 1 0.41 0.04 0.06 -0.01 

RAP-
PPG 0.01 -0.5 0.21 0.18 -0.41 -0.1 0.14 0.41 1 0.43 0.35 0.19 

ECG-
PPG -0.51 -0.2 0 0.11 -0.02 -0.08 0.27 0.04 0.43 1 0.63 0.03 

PCG-
PPG -0.17 0 0.1 -0.01 0.07 0.12 0.35 0.06 0.35 0.63 1 0.19 

Delay 

ECG-
PPG 0.15 -0.2 0.37 0.07 -0.02 0.08 0 -0.01 0.19 0.03 0.19 1 
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Table 4.15:  Correlation results of S1_Bha 
 

Spectral Delay   
Parameters  

  
  

HR ER HD Mean Std. 
Dev. NSK  ECG - 

RAP 
 PCG - 
RAP 

  RAP - 
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

HR 1 -0.16 -0.45 0.13 -0.02 -0.12 0.04 -0.34 -0.09 -0.49 0.21 -0.05 
ER -0.16 1 -0.32 -0.03 0.58 -0.05 0.16 0.06 -0.66 -0.08 -0.19 0.31 
HD -0.45 -0.32 1 -0.38 -0.48 0.40 0.06 0.19 0.22 0.41 0.14 -0.19 

Mean 0.13 -0.03 -0.38 1 0.63 -0.95 -0.64 -0.05 -0.01 -0.38 0.13 0.30 
Std. 
Dev. -0.02 0.58 -0.48 0.63 1 -0.62 -0.32 0.01 -0.42 -0.37 -0.11 0.38 

Spectral 

NSK -0.12 -0.05 0.40 -0.95 -0.62 1 0.55 -0.14 0.13 0.37 -0.03 -0.32 
ECG- 
RAP 0.04 0.16 0.06 -0.64 -0.32 0.55 1 0.28 -0.38 0.34 -0.04 -0.3 

PCG- 
RAP -0.34 0.06 0.19 -0.05 0.01 -0.14 0.28 1 -0.11 0.33 -0.45 -0.19 

RAP -
PPG -0.09 -0.66 0.22 -0.01 -0.42 0.13 -0.38 -0.11 1 0.18 -0.05 -0.38 

ECG-
PPG -0.49 -0.08 0.41 -0.38 -0.37 0.37 0.34 0.33 0.18 1 0.22 -0.41 

ECG-
PCG 0.21 -0.19 0.14 0.13 -0.11 -0.03 -0.04 -0.45 -0.05 0.22 1 0.08 

Delay 

PCG-
PPG -0.05 0.31 -0.19 0.30 0.38 -0.32 -0.3 -0.19 -0.38 -0.41 0.08 1 
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Table 4.16: Correlation results of S2_Nar 
 

Spectral Delay  
Parameters 

 
 

HR 
ER HD Mean Std. 

Dev. NSK
  

ECG- 
RAP 

  PCG - 
RAP 

    RAP - 
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

HR 1 -0.07 -0.35 0.36 -0.07 -0.39 0.79 -0.47 -0.05 -0.49 -0.35 -0.26 
ER -0.07 1 -0.23 -0.03 0.52 -0.07 -0.16 0.07 -0.07 -0.07 -0.03 -0.31 
HD -0.35 -0.23 1 -0.54 -0.28 0.57 -0.36 0.13 0.2 0.29 0.35 0.28 

Mean 0.36 -0.03 -0.54 1 0.58 -0.97 0.34 -0.33 -0.23 -0.38 -0.51 -0.09 
Std. 
Dev. -0.07 0.52 -0.28 0.58 1 -0.66 0.04 0.04 -0.27 -0.19 -0.27 -0.19 

Spectral 

NSK -0.39 -0.07 0.57 -0.97 -0.66 1 -0.36 0.33 0.23 0.42 0.57 0.23 
ECG- 
RAP 0.79 -0.16 -0.36 0.34 0.04 -0.36 1 -0.43 -0.36 -0.51 -0.24 0.1 

PCG- 
RAP -0.47 0.07 0.13 -0.33 0.04 0.33 -0.43 1 0.56 0.57 0.04 -0.04 

RAP -
PPG -0.05 -0.07 0.2 -0.23 -0.27 0.23 -0.36 0.56 1 0.58 -0.02 -0.21 

ECG-
PPG -0.49 -0.07 0.29 -0.38 -0.19 0.42 -0.51 0.57 0.58 1 0.35 0.07 

ECG-
PCG -0.35 -0.03 0.35 -0.51 -0.27 0.57 -0.24 0.04 -0.02 0.35 1 0.4 

Delay 

PCG-
PPG -0.26 -0.31 0.28 -0.09 -0.19 0.23 0.1 -0.04 -0.21 0.07 0.4 1 
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Table 4.17: Correlation results of S3_Nav 
 

Spectral Delay   
 Parameters 

  
HR 

  
ER HD Mean Std. 

Dev. NSK  ECG - 
RAP 

 PCG - 
RAP 

  RAP - 
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

HR 1 -0.13 -0.63 0.49 0.3 -0.39 -0.48 -0.11 0.05 -0.51 0.16 0.17 
ER -0.14 1 0.22 -0.37 0.25 0.31 0.23 -0.33 -0.25 -0.01 0.15 0.18 
HD -0.63 0.22 1 -0.69 -0.52 0.66 0.28 -0.08 -0.01 0.4 -0.23 0 

Mean 0.49 -0.37 -0.69 1 0.62 -0.96 -0.18 0.05 -0.1 -0.37 0.28 -0.16 
Std. 
Dev. 0.3 0.25 -0.52 0.62 1 -0.6 -0.07 -0.03 -0.34 -0.4 0.52 0.2 

Spectral 

NSK -0.4 0.31 0.66 -0.96 -0.6 1 0.14 -0.1 0.2 0.41 -0.26 0.2 
ECG- 
RAP -0.49 0.23 0.28 -0.18 -0.07 0.14 1 -0.27 -0.05 0.21 -0.16 -0.09 

PCG- 
RAP -0.12 -0.33 -0.08 0.05 -0.03 -0.1 -0.27 1 0.06 0.02 0 0.01 

RAP -
PPG 0.05 -0.25 -0.01 -0.1 -0.34 0.2 -0.05 0.06 1 0.71 -0.3 -0.21 

ECG-
PPG -0.51 -0.01 0.4 -0.37 -0.4 0.41 0.21 0.02 0.71 1 -0.26 -0.16 

ECG-
PCG 0.16 0.15 -0.23 0.28 0.52 -0.26 -0.16 0 -0.3 -0.26 1 0.37 

Delay 

PCG-
PPG 0.17 0.18 0 -0.16 0.2 0.2 -0.09 0.01 -0.21 -0.16 0.37 1 
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Table 4.18: Correlation results of S4_Sach 
 

Spectral Delay   
Parameters  

  
  

HR 
 ER HD Mean Std. 

Dev. NSK   ECG - 
RAP 

 PCG - 
RAP 

 RAP - 
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

HR 
  1 -0.08 -0.12 -0.06 -0.29 0.16 -0.2 0.08 0.04 -0.18 -0.34 0.08 

ER -0.08 1 -0.38 -0.58 -0.04 0.44 0.32 0.14 -0.31 -0.28 0.01 -0.37 
HD -0.12 -0.38 1 0.15 -0.1 -0.07 -0.46 0.18 0.37 -0.11 0.07 0.21 

Mean -0.06 -0.58 0.15 1 0.66 -0.85 -0.14 -0.23 -0.23 0.55 0.17 0.51 
Std.  
Dev. -0.29 -0.04 -0.1 0.66 1 -0.55 -0.02 -0.28 -0.35 0.23 0.3 0.36 

Spectral 

NSK 0.16 0.44 -0.07 -0.85 -0.55 1 0.03 0.26 0.35 -0.51 -0.21 -0.37 
ECG- 
RAP -0.2 0.32 -0.46 -0.14 -0.02 0.03 1 0.15 -0.53 0.46 0.16 -0.35 

PCG- 
RAP 0.08 0.14 0.18 -0.23 -0.28 0.26 0.15 1 -0.29 -0.2 -0.26 -0.28 

RAP -
PPG 0.04 -0.31 0.37 -0.23 -0.35 0.35 -0.53 -0.29 1 -0.26 0 0.16 

ECG-
PPG -0.18 -0.28 -0.11 0.55 0.23 -0.51 0.46 -0.2 -0.26 1 0.32 0.23 

ECG-
PCG -0.34 0.01 0.07 0.17 0.3 -0.21 0.16 -0.26 0 0.32 1 0.33 

Delay 

PCG-
PPG 0.08 -0.37 0.21 0.51 0.36 -0.37 -0.35 -0.28 0.16 0.23 0.33 1 
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Table 4.19: Correlation results of S5_Meru 
 

Spectral Delay  
Parameters 

 HR 
  

ER HD Mean   Std. 
Dev. NSK 

 
ECG- 
RAP 

 PCG - 
RAP 

  RAP - 
PPG 

ECG-
PPG 

ECG-
PCG 

PCG-
PPG 

HR 
  1 0.08 0.29 0.08 -0.09 0.05 -0.29 -0.22 -0.12 -0.1 -0.21 -0.28 

ER 0.08 1 -0.27 -0.53 0 0.5 0.34 0.28 -0.39 0.04 0.2 -0.25 
HD 0.29 -0.27 1 0.44 0.43 -0.28 -0.42 -0.35 0.41 -0.43 -0.2 -0.27 

Mean 0.08 -0.53 0.44 1 0.61 -0.96 -0.07 -0.4 0.64 -0.35 -0.05 -0.17 
   Std. 

Dev. -0.09 0 0.43 0.61 1 -0.56 -0.15 -0.06 0.59 -0.29 0.02 -0.35 
Spectral 

NSK 0.05 0.5 -0.28 -0.96 -0.56 1 0.03 0.37 -0.57 0.25 0.04 0.07 
 ECG- 
RAP -0.29 0.34 -0.42 -0.07 -0.15 0.03 1 0.16 -0.09 -0.26 0.51 -0.24 

 PCG- 
RAP -0.22 0.28 -0.35 -0.4 -0.06 0.37 0.16 1 -0.33 0.59 0.16 0.3 

  RAP -
PPG -0.12 -0.39 0.41 0.64 0.59 -0.57 -0.09 -0.33 1 -0.57 -0.12 -0.46 

ECG-
PPG -0.1 0.04 -0.43 -0.35 -0.29 0.25 -0.26 0.59 -0.57 1 -0.03 0.78 

ECG-
PCG -0.21 0.2 -0.2 -0.05 0.02 0.04 0.51 0.16 -0.12 -0.03 1 -0.14 

Delay 

PCG-
PPG -0.28 -0.25 -0.27 -0.17 -0.35 0.07 -0.24 0.3 -0.46 0.78 -0.14 1 

 
 
 



4.4 Discussion 
First let us look at the results from recordings taken at rest on the five subjects in 

Table 4.1. We see that all the subjects had HR under resting condition much higher 

than the average rate of 72 bpm for persons with normal health. The rate was 

generally high in all the sessions. For four of the subjects the blood pressure readings 

can be considered normal. However, for subject S4, the blood pressure recorded (both 

systolic and diastolic) was much higher than the normal on all the days. SER values 

from the spectral analysis of RAP waveform are constantly about or above 99%, 

which indicates normal pulse according to an earlier report [11]. There is very small 

variability across the days and across the subjects. Harmonic distortion (HD) of RAP 

waveform varies over 41-97 across the subjects, with relatively large variation across 

the recording sessions for each subject. For subject S4, with unusually high BP, the 

HD values are in the low range, 21-58 with a mean of 41. The three statistical 

measures on the log power spectrum show a very narrow variation across days and 

across subjects. Averaged across subjects, the mean frequency (SMF) is 17.2 Hz, the 

standard deviation (SDF) is 11.7 Hz, and the normalized skewness (NSK) is 6.8.  

Under pre-exercise condition, there was a variation across the days and across 

the subjects for all the six delay values. It was noted that for subject S4, with high BP, 

all the delays are relatively smaller. Average ECG-PCG delay is 7.9 ms. Average 

value of PCG-RAP delay, indicating the travel time of the pulse pressure wave from 

the heart valves to the radial artery is 27.1 ms. For five subjects the values vary over 

21-45 ms, while for subject S4 it is unusually low, 13.2 ms. The delay between the 

RAP and PPG may be taken as indicative of delay between pressure pulse and 

volumetric flow. The average value is 4.1 ms, with a large variation across the 

sessions. However, this delay for subject S4 is relatively small, 2.7 ms. A small delay 

may be indicative of highly pulsatile flow, because of low compliance of arteries.  

Under exercise condition, the ECG-PCG delay values do not show any 

constant pattern across the days and across the subjects.  PCG-RAP delay: For 

subjects S1, there is a large fall in the value, followed by a recovery with different 

pattern on different days. For subject S2, S3, S5 the pattern is the same as for S1 on 3 

days.  For subject S4, the patterns very across days and show a very large variation. 

RAP-PPG delay: There are often large variations after the exercise and during the 

relaxation phase. But there are no clear patterns, probably indicative of different 

patterns in changes in blood supply during exercise and the relaxation phase. 
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It may be noted here that selection of subjects in this exploratory investigation 

was not controlled and the level of exercise and time of the recordings were also 

controlled. We may be able to see more consistent patterns with recordings under 

controlled conditions from a larger number of subjects, healthy as well as with 

different diagnosed disorders. It is observed that various propagation delays with 

respect to first heart sound matches by adding delays on the partial paths. i.e. delay 

between first heart sound and PPG is equal to the sum of the delays between first 

heart sound and RAP, and between RAP and PPG. But with respect to ECG the delays 

are not matching by adding delays on partial path. Pre-processing of ECG waveform 

for enhancing QRS complex and suppressing P and T segment, may improve 

consistency in measurement of delays by different methods. 

The correlation coefficients between pairs of the 12 parameters were 

calculated, without any apriori hypotheses or their inter relationship. Under rest 

condition, the HR values have significant correlation with HD (-0.44), ECG-RAP 

delay (-0.34), and ECG-PPG delay (-0.51). The correlation across the subjects under 

various exercise condition do not indicate any clear pattern. 
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Chapter 5 

SUMMARY AND CONCLUSIONS 
 

In this project,  a multi-channel recording set-up has been developed and used for an 

exploratory study of diagnostic information in the radial arterial pulse waveform and 

other physiologically related waveforms: ECG, PCG, and PPG. The RAP waveform 

has been analyzed for spectral parameters, and the timing relations between the four 

waveforms have been studied by cross-correlation peaks. The recordings were made 

under rest, and at regular interval during post-exercise relaxation, on five subjects 

with normal health and no known cardiovascular disorders. Further correlation 

coefficients of different parameters have been obtained. 

In this exploratory study, there was no selection and classification of subjects. 

Further the time of the recording and the level of exercise were not controlled. Hence 

it is pre-mature to draw any specific conclusions from the analyses results.  

Some suggestions for future work are: 

(i) Recording with classification of subjects according to HR, BP and other 

known problem, and under controlled condition, 

(ii) Pre-processing of waveforms (particularly ECG, PCG) for enhancing the 

cross-correlation peaks. 
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