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ABSTRACT

Title of Thesis: 	 Time Series Analysis of Respiration
Component in Heart Rate Variability.

Anuradha R. Iyengar, Master of Science in Electrical
Engineering, 1987

Thesis directed by: 	 Dr. Stanley Reisman, Professor,
Dept. of Electrical Engineering

Time series signal processing techniques (Fourier based)
were applied to analyze the relationship between heart rate
and respiration. This analysis takes advantage of the
different timing charecteristics of the autonomic nervous
system inputs to analyze their influence on the heart rate.

Data from three experiments were analyzed. The first
set of data was from helicopter pilots of the US Army. They
injected atropine into themselves on certain days. The
effect of atropine on the heart rate spectrum and the
relationship between heart rate and respiration was studied.
It was found that atropine abolishes the respiration peak in
the heart rate spectrum indicating that the respiration
peak is vagally mediated. Also the respiration spectrum
could be used to locate the respiration peak in the heart
rate spectrum.

An experiment was then carried out to see how stable the
respiration peak was in the heart rate spectrum. Five
subjects were used in this study. It was found that the
respiration peak is quite stable from day to day.

The effect of paced breathing and stress on the
heart rate spectrum was then studied. An experiment was
designed for this and data was collected from eight
subjects. It was found that there was a strong negative
correlation between frequency of respiraton and the
magnitude of the respiration peak. Further studies need to
be done to learn more about this.

Spectral analysis of heart rate variability and
respiration is a quantitative measure of autonomic activity.
It is hoped that, by understanding the various components in
the heart rate spectrum, a non-invasive means of detecting
heart defects could be achieved.
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INTRODUCTION

1.1 HEART RATE VARIABILITY

This thesis is a study of heart rate variability due

to the activity of the autonomic nervous system in general

due to the parasympathetic component in particular.

It has been proved that rhythms can often be markers of

normal functional states. In the present context, the

general hypothesis is that rhythmical beat to beat

oscillations of one cardiovascular controlled variable might

provide some criteria to interpret the autonomic activity.

It is also known for example, in the heart rate under stable

conditions there are rhythmical fluctuations due to

respiration (respiratory sinus arhythmia). Various papers

have been written 1-3 in recent times which deal with

studying variability of electrocardiographic R-R interval by

using computer techniques.

Heart rate is one of the most familiar measures of

cardiovascular status. The term 'heart rate' is commonly

associated with average heart rate but it is a well known

fact that the heart rate varies on a beat to beat basis due

to cardiovascular control systems such as the autonomic

nervous system. It has been suggested by Axelrod et al t

that studying heart rate variability could lead to a

noninvasive assesment of the 'tonic' autonomic regulation

of heart frequency.

The mean heart rate is largely determined by a balance

between the mean levels of activity in the cardiac



sympathetic and parasympathetic nerves. A decrease in

vagal activity can be compensated for by a decrease in

sympathetic activity as far as average rate is concerned.

Since these two pathways are independent we have to conclude

in principle that many combinations of level of sympathetic

and parasympathetic activity will yield the same result in

mean heart rate. However recent work has shown that

different cardiac control systems contribute oscillations at

characteristic frequencies so that their effects on heart

rate can be separated by time series analysis techniques.

The nonrandom components of R-R variability usually are

assessed with spectral techniques based on the fast Fourier

transform inspite of the fact that the heart rate

variability is not strictly periodic. This aspect has been

taken care of by certain mathematical techniques. As the

interbeat interval (IBI) is not periodic a continuous signal

is generated from the IBI data and then sampled at the same

rate as the respiration. This is explained in depth in the

chapter on computer and mathematical techniques. Spectrum

analysis is a sophisticated mathematical technique that

breaks a complex waveform, like the heart rate oscillations,

into a constituent set of frequencies, with an estimate of

the magnitude of each frequency component. The same

analysis is applied to the respiration signal to produce a

respiration spectrum. The respiration spectrum is used to

help interpret the heart rate spectrum.

Three different frequency components, or peaks, have
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been identified in the heart rate spectrum: a low frequency

peak, a peak in the vicinity of 0.1 Hz, and a peak at the

nominal respiration frequency of 0.25 Hz 4 . Figure 1.1 shows

an example of a heart rate spectrum in the left panel, with

the accompanying respiration spectrum in the right panel.

The best understood component of the heart rate spectrum is

the peak associated with the dominant respiration frequency.

The respiration peak in the heart rate spectrum reflects the

respiratory sinus arythmia. It is purely parasympathetic in

origin, being abolished by muscarinic blockade and by

vagotomy5 . The mid-frequency peak (around 0.1Hz) has been

suggested by Hyndman and Kitney 6 to be related to

baroreceptor activity. However, this peak is found to be

highly variable and further work is required to understand

the nature of this component. Power in the low frequency

peak appears to come from parasympasthetic and sympathetic

activity. Note that the respiration peak in the heart rate

spectrum of figure 1.1 occurs at the same frequency as the

dominant peak in the respiration spectrum.

1.2 ELECTROCARDIOGRAM

The heart's electrical conduction system initiates an

electrical impulse called an action potential in the SA

(sinoatrial) node located in the right atrium. The SA node

is the normal cardiac pacemaker. Its rate of discharge

determines the rate at which the heart beats. The ECG

machine obtains an electrical signal that is related to

cardiac activity. Electric currents accompany heart muscle

3



Figure 1.1 Heart Rate Spectrum and Respiration Spectrum
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contraction and produce a time varying field. Because the

body fluids are good conductors, fluctuations in potential

that represent the algebraic sum of the action potentials of

myocardial (heart) fibers can be recorded from the surface

of the body. Electrodes on the skin surface pick up these

potentials for input to the ECG machine. Once an action

potential has been initiated and the heart is responding to

this by contracting the muscles another action potential

cannot activate the heart until a certain amount of time

called the refractory time has elapsed.

The ECG can be recorded in a number of ways. The method

chosen is the simplest to implement and gives all the

required information. The ECG signal could be picked up on

any part of the body, but obviously the signal will be

stronger and with less noise closer to the heart. The ECG

signal has a characteristic shape and is made up of a P

wave, QRS complex and T wave. The ECG of a normal

individual is as shown in figure 1.2.

A wave of excitation spreads over the atria, producing



the P wave and causing the atria to contract. The

excitation is delayed in the AV (atrioventricular) node

resulting in the P-R interval. Then the wave of excitation

spreads over the ventricles, causing them to contract and

produces the QRS complex. Recovery of ventricular

depolarization produces the T wave.

In the normal human heart, each beat originates in the

SA node. The heart beats about 70 times a minute at rest.

The rate is slowed during sleep and accelerated by emotion,

exercise, fever and many other stimuli 7 . In healthy young

individuals the heart rate varies with the phases of

respiration. The effect of respiration may be absent during

quiet breathing but is readily seen when the depth of

breathing is increased.

1.3 AUTONOMIC NERVOUS SYSTEM

The motor portion of the nervous system that controls

the visceral functions of the body is called the autonomic

nervous system. This system helps to control certain

activities almost entirely and others only partially. The

autonomic nervous system is activated mainly by centers

located in the spinal cord, brain stem and hypothalamus.

The autonomic impulses are transmitted to the body

through two major subdivisions called the sympathetic and

parasympathetic systems. Varied effects on different

visceral functions of the body are caused by stimulating the

sympathetic and parasympathetic nerves. Their effect 8 on a

few organs is shown in the table 1.1. Certain organs are
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excited or show excitatory effects due to sympathetic

stimulation and others show inhibitory effects.

Likewise, parasympathetic effect causes excitation in

some organs but inhibition in others.

Table 1.1 Comparison of the effects of parasympathetic and
sympathetic stimulation

ORGAN 	 EFFECT OF SYMPATHETIC
STIMULATION

EFFECT OF PARASYMPATHETIC
STIMULATION

Eye: Pupil
Ciliary muscle

Dilated
None

Contracted
Excited

Sweat glands Copious sweating None

Heart: Muscle Increased rate
Increased force of

contraction

Slowed rate
Decreased 	 force of
atrial contraction

Coronories Vasodilated Constricted

Mental activity Increased None

Also, when sympathetic stimulation excites a particular

organ, parasympathetic stimulation often inhibits it, which

shows that the two systems occassionally act reciprocally to

each other. However, most organs are dominantly controlled

by one or the other of the two systems, so that except in a

few systems, the two systems do not actively oppose each

other. It cannot be generalized whether the effect of

parasympathetic or sympathetic stimulation of a particular

organ will cause excitatory or inhibitory effects in that

organ.

In general, sympathetic stimulation increases the

overall activity of the heart. This is accomplished by

increasing both the rate and force of contraction of the

7



heart beat. Parasympathetic stimulation cause mainly the

opposite effects, decreasing the overall activity of the

heart.

We could say that sympathetic stimulation increases the

effectiveness of the heart. However, sympathetic

stimulation unfortunately also greatly increases the

metabolism of the heart while parasympathetic stimulation

decreases its metabolism and allows the heart a certain

degree of rest.

The sympathetic and parasympathetic systems are

continually active, and the basal rates of stimulation are

known respectively as sympathetic tone or parasympathetic

tone. The value of the tone is that it allows activity of a

stimulated organ.

Large portions of the sympathetic nervous system often

become stimulated simultaneously, a phenomenon called mass

discharge. This characteristic of sympathetic action is in

keeping with the usually diffuse nature of sympathetic

function, such as overall regulation of arterial pressure or

of metabolic rate. Of course, in a few instances

sympathetic activity does occur in isolated portions of the

system.

In contrast to the sympathetic system most reflexes of

the parasympathetic system are very specific. Particularly

in the interest of this research, parasympathetic

cardiovascular reflexes usually act only on the heart to

increase or decrease its rate of beating.
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1.4 STATEMENT OF PROBLEM

This project studies heart rate variability due to

autonomic nervous activity using time series analysis. The

work concentrated mainly on the effect of the

parasympathetic nervous system on the heart rate.

The study examined five areas as follows

1. The relationship between respiration and heart rate.

2. The stability of the heart rate spectrum.

3. The effects of atropine on the heart rate spectrum.

4. The effect of paced breathing on the heart rate spectrum.

5. The effect of stress on the heart rate spectrum.

The work concentrated on the respiration peak because it

is the best understood component of the heart rate spectrum

and because it reflects the parasympathetic inputs that are

the focus of this study.

Data was available from twelve helicopter pilots of the

U.S. Army. Their ECG and respiration was recorded for

several hours while they flew a helicopter simulator. At

some point in time on certain days they injected themselves

with 2mg. or 4mg. of atropine. Atropine has the effect of

inhibiting the parasympathetic nervous system.

It was investigated whether the respiration spectrum

could be used to detect the respiration peak in the heart

rate spectrum even when the peak was small or ambiguous. It

was also investigated if there was a relationship between

the magnitude of the peak in the respiration spectrum and

the magnitude of the peak in the heart rate spectrum. It is
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found that there is no simple relation between the magnitude

of the peaks at the respiration frequency in the two

spectra. Stability of the heart rate from day to day for a

given individual was studied. This factor is quite crucial

for understanding how the heart rate spectrum can be used.

The stability of the spectra was examined on the days the

pilots were not given drugs. However, the possibility that

the effect of atropine lasted more then a day could not be

ruled out. Additional data was then collected from five

subjects. ECG and respiration was collected from three men

and two women between the ages of 22 and 33 with no known

desease. It is found that their spectra is more stable from

day to day.

	

The effect of atropine was then studied. The

respiration peak was visible around .25Hz and after the

administration of atropine the peak diminished rapidly and

was barely detectable. The power in the peak decreased and

the peak amplitude decreased to a fourth of its original

height. It is quite evident that the respiration peak

reflects a parasympathetic input to the heart that can be

abolished by muscarinic blockade which is consistent with

findings by other researchers.

An experiment was then designed to study the effect of

paced breathing and stress on the heart rate. Data was

collected from eight subjects in the age group 23 to 44.

All of them were non smokers and data was collected at

approximately the same time everyday. The effect of paced

10



breathing was, the predominant high frequency component in

the heart rate spectrum. The same subjects showed a

predominant low frequency component when breathing

spontaneously. The power in the respiration peak is found

to decrease with the increase in frequency of paced

respiration.

Cardiovascular control systems change in many

pathological situations and it seems natural that these

changes might be dectected by analysis of heart rate

variability. Ultimately we hope to provide a non-invasive

tool to detect heart defects. It is hence, first necessary

to study the effect of known parameters such as the

parasympathetic nervous system on the heart rate.
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2 . MATHEMATICAL AND COMPUTER TECHNIQUES

2.1 INTRODUCTION

Heart beats are considered as point events. i.e., the

individual characteristics (shape, amplitude) of each beat

are neglected but its time of occurrence or equivalently the

interval between successive beats is taken as a relevant

variable.

From the raw signal, the ECG variations of the interval

length are not easily discerned. Hence another

representation method is needed to display the signal.

Existing methods for the statistical analysis of series of

events were developed for stochastic series and are not

always suited for the analysis of physiological point event

signals. Therefore techniques are needed that convert the

point event signals to a form that is accessible to standard

system analysis techniques (e.g. averaging, spectral

analysis). In addition the converted signal should

preferably be visually informative.

There are several analysis methods available 9 . In this

study the R wave in the ECG was taken as the event of

interest. The method used the time intervals between R

waves or otherwise called the interbeat interval (IBI) to

form a continuous analog signal.

2 . 2 INTERPOLATION

The heart rate is not strictly periodic, as the length

of IBIs vary. To take the Fourier transform we need data

sampled at equidistant intervals. As we are studying the

12



variability of the heart rate, we need to obtain an analog

signal from our IBI signal and then sample it. The sampling

is done at the rate at which the respiration signal was

sampled, so that we study the relationship between the two

spectra more easily. The sequence of interbeat intervals

is interpolated to provide a continuous data stream at the

sampling rate that is used for respiration. A program was

written in Fortran to do this. In this interpolation

scheme, the IBI signal is given the value of the IBI for as

long as the IBI lasts. Thus, if the sampling rate is 20 Hz

an IBI of 0.8 sec produces sixteen 0.05 sec bins with a

value of 0.8. If the next IBI was 0.75sec then you would

have fifteen bins of value 0.75. The sequence of pulses is

transformed into a sequence of steps as shown in figure 2.1.

Figure 2.1 Interpolation

There are various other ways to interpolate the IBI

data. This scheme was used because the results were

meaningful and this method did not give any extraneous

information. It was also found that smoothing out the sharp

corners did not make any significant improvement in the

results. Figure 2.1 shows the interpolated data.
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2.3 OUTLIERS

The resulting IBI signal is adjusted for outliers.

Having data following a certain pattern over a period of

time, it is possible to predict the range of the values.

Values which are too far out of this range, i.e. values not

considered statistically consistent with the data are called

outliers and are clipped. Outliers are defined according to

Tukey 10 as points that are

x < 1st quartile -1.5 * interquartile range or
x > 3rd quartile +1.5 * interquartile range

Outliers that are defined by this method are more than 4 2/ 3

standard deviations (p < 0.00003) out in a normal

distribution. Therefore only extreme outliers are subject

to adjustment. Figure 2.2a shows the interpolated data and

figure 2.2b shows the data with the outliers removed. Note

the change in scale of figure 2.2b.

2.4 DETRENDING

The data is then smoothed. Data smoothing refers to the

measures which are introduced into the formulation of a data

processing scheme in order to reduce the effects of

observational errors (commonly called noise). Since data

smoothing generally has also a mutilative effect on the

signal component, it presents a need for careful analysis to

achieve desirable results. In our study the data was first

detrended. The data is detrended using a robust locally

weighted regression procedure11. The term trend refers to

the slow changes across a time series, such as a tendency

for the mean heart rate to increase over a collection
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Figure 2.2a Interpolated data Figure 2.2b Clipped data


