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PREFACE

'Ovulation detection' plays éd.important role in solving fertility/in-
fertility problems. The work presented in chié thesis is towards a
simple, non-invasive methﬁd of ovulation detecéioh;thaf can be uvsed at
home even by a illiterate .person.

The work is based on our hyﬁothesis that the breovuiétory phase of the
menstrual cycle is associated with pronounced vascularity in breasts and
bhence leads to a dynamic temperature distribution ovér the breast's skin
surface. Measurement of differential temperature between a dynamic
temperature spot and a static temperature rspbt can indicate the
approaching ovulaticna. '

The thesis is organized in 7 chapters. Each chapter can be fead
independently with a little prior koowledge of the cyclic phencmena
involved during the menstrual cycle,

Chapter 1 provides an overview of biclogical phenomena involved in human
reproduction and a brief summary of the available methods of birth
control followed by a few possible eletronic solutions for ovulation
detection, '

Chapter 2 is an introduction to the basic physics of thermokinetics and
its application in the calculation of human body temperature.

Chapter 3 presents our hypothesis of 'differential skin temperature
(DST)' measurement for ovulation detection.

Chapter 4 describes the clinical tests conducted with the help of
infrared thermography (IRT} and the results obtained with these
experiments. - ] ’

Chapter 5 presents a simple mathematical mcdeling of breast thermograms
to describe the temperature variation over the menstrual cycle.

Chapter 6 details the computer-assisted thermography system developed
for the analysis of breast thermograms recorded during the clinical
tests. The results based on computer-assisted image analysis of breast
thermograms are presented.

Chapter 7 describes the design and development of "FERTITHERM', an

absolute/differential temperature measuring digital thermometer.
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CHAPTER 1

Most of the matier presented in this chapter is _published as a
journal paper in 'Sadhana', Proc. of Indian Academy of Sciences,
Vol. 7, Part 1, Jun 1984, pp. 73-89. The title of this paper

is:

“Natural birth control: A brief review and some bloelectronic

solutions.”



1_ HUMAN REPRODUCTION AND BIRTH CONTROL

1.1 Humzn reproduction

].1a Introduction

Ovulation is a key function in the process of mammal reproduction, What
is 'ovulation' 7 and What is the role of ‘ovulation' in the reproductive
process ? are common questions that one come across in understanding the
reproduction phenomena, Towards this understanding, biolegical phenomena
invelved in the reproductive process are briefly explained in the

following section,

1.1b Basic biological phenomena

Mammal reproduction is the result of male-female union, at the proper
time of peak fertility interval in the female's menstrual cycle. Female
being the carrier of reproduction, she is also associated with cyclic
physiological and hormonal changes (¢alled menstrual cycle) involving
fereility and infertility intervals throughout her productive life
period. These being true in all mammals, our discussian throughout the
text is limited to human reproduction enly,

Birth control meaning to have children when desired and to limit further
child birth when not desired , termed as conception and contraception
respectively, is of great socio-economic importance for all the
countries in the world. For controlling consciously either conception ar
contraception, one has to identify the fertility interval, which
primarily depends on the time of ovulation. So, to explain ‘ovulation',
its timing and the fertility interval in the menstrual cycle, the

details of cyclic bioleogical functions are looked into.

l.lc Menstrual cycle

The menstrual cycle 1is a repetitive operation of the hypothalmic-
pituitary-ovarian (HPO) system, with associated structural and
funcrional changes in the reproductive tract of a woman, consisting of
uterus, endometrium and vagina /1/. Fig. 1.1 shows the various parts of

the genetic section of a weman /2/.
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Pig. 1.1 Schematic representation of the female genetic

parte  and the eteps invelved in causing pregnancy
{conception of a babyl.

The ovaries consist of millions of follicles which develop further with

the hormonally dependent menstrusl cyele, throughout the productive life

of a woman,

various hormonal,

confined between puberty and menopause. Fig. 1.2a shows the

and follicle changes involved and Fig. 1.2b shows the

cycle of stages asscciated with the menstrual cycle /2/.
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The reproduction process can be explained in three phases of the

menstrual cycle:

Follicular phase

The follicular phase ig: characterized by thg' ovarian secretion of
estradiol (Ez), estrong (E]) and other estrogeﬁ compounds, and is
related to the development and maturation of the foilicle to an ovum as
a result of pituitary follicle stimulating hormone (FSH) stimulation
/3/. This phase is -an infertile phase of the menstrual cyecle; it
corresponds to the interval between post-menstruation and the rise in
plasma estrogen concentration and covers approximately the first 10 days

of the cycle.

Ovulatory phase
The ovulatory phase is the most fertile period of the menstrual cycle.

This phase begins with the rise in plasma estrogen cempounds and ends
with the rise in plasma progesterone concentration, Rise in estradiol
increases the vascularity in the genetic targets and initiates the peak
secretion of the follicle stimulating hormone (FSH) and leutinizing
hormone (LH)} hy‘che pituitary glands /4/. The peak LH surge in the
plasma 1s supposed to lead to the final maturation of ovum end to a
follicular rapture which expels the gvum into the oviducts /5/. The

expulsion of an ovum from the ovaries is known as 'Ovulation'.

Leutal phase
The post-ovulatory phase is known as leutal phase. After 'a day of

ovulation, the second infertile phase of the menstrual cyecle begins.
This phase is characterized by a rise in progesterone to reach a peak
around B days after ovulation. Estradiol hormane concentration keeps a
low 1level during early post-ovulatory phase and rises again in the
middle part of leutal phase. Both estradiol and progesterone fall back

to low levels before the following menstruation.

The whole cycle covering follicular, ovulatory and leutal phases repeats
over approximately 28 days.

The ovulatory phase is the most fertile phase for reproduction. Once the
ovulation occurs the waiting oviducts trap the expelled ovum and direct
it to flow through the fellopien tubes into the uterus. During the
ovum's travel, if it comes in contact with spermatozoa already deposited
by a man from prior intercourse, the ovum unites with the spermatoczoa to

ceuse pregnancy (called at this level as conception). The life span of

12



spermatozoa is expected to be 72 hours and that of an ovum {after
ovulation) is expected to be of the order of 24 hours /5/. So, the total
fertile phase corresponds to {3+1=) & days out of 28 days of menstrual
cycle. If the ovulation timing can be predicted reliably and in advance,
reproduction can be controlled. Conception can be achieved with higher
probability by proper timing of intercourse, or by artificial insemina-
tion. Contraception, by simple pericdic abstinence, acccptable to all
religions of the world can also be achieved with high reliability. From

this, the importance of 'ovulation time' detection can be judged.

1.2 Conventional methods of birth control

High birth rate and thus explosion of population is a major problem in
developing nations. Various types of contraception methods have been
known and are being developed for high reliability, and minimum side-
effects fto the anatomical functions of the human body. In a broad way,
all contraceptive methods could be classified into 4 principal groups.

These are:

1. Pharmaceutical method of contraception
2. Mechanical contraceptives

3, Surgical intervention

&, Natural birth control {NBC)

Each of these methods is discussed in brief, with respect to their
functioning, reliability, ease in application, acceptability and the
associated side-effects on the anatomical functiens, in tables ) and 2.
A detailed discussion concerning NBC willbe presented in the next

section.

1.3 Measurable Physicleogical parameters for ovulation detecticn

To improve the reliability of NBC to minimize the period of abstinence,
the fertile interval of the menstrual cycle has to be dettermined in
advance, The three major factors interfering with the exact estimation
of the fertile interval /5/ are:

1. the length of menstrual cycle (varying between 22 and 45 days),

2, the life span of spermatozoas in the vagina (normally 2 to 3 days) and

3. the life span of the ovum (known to be around 24 hours).

14
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Assuming a maximum of 3 days' life span for spermatozoa in the vagina,
the minimum fertile interval can be reduced to 4 days, if the ovulation
time is detected in advance. Determination of the fertile interval is of
interest, not only to achieve contraception by abstinence, but also to
achieve conception with Higher probability amdng; couples desiring
children by proper timing of natural intercourse or through artificial
insemination. It has been reported that the relation between ovulation
time and the time of natural intercourse also plays a certain part in
determining the child's sex on conception /6/.

Various physiological factors changing during the menstrual cycle are
shown in fig., 1.3 /5/. Different methods have been developed to estimate
the fertile/infertile interval of the woman's menstrual cycle, and are

briefly discussed here:
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Fig, 1.3 Variation of various measurable parameters over
t;ie menstrual eyele /5/. :
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1.3.1 Ogino-Xnaus method

This method, also known as 'talender method', is the simplest form of
NBC /5/: Here the woman calculates her fertility interval depending on
the minimum and maximum length of her menstrual cycles during the pest
12 months.

First day of fertile interval = [length of shortest cycle - 1B];

Last day of fertile interval = [length of longest cycle - 11]

Based on this principle , M/S Kowa limited of Japan have brought out an

electronic gadget to indicate the abstinence period.

1.3.2 Basal body temperature {BBT)} method

A woman's menstrual cycle has a ¢yclic hormonal activity. It has three

phases as explaineé in 1.lc. Progesterone hormone being thermogenic in
nature, body temperature rises in the leutal phase by 0.2 Cto 0.4 C
over the normal temperature. Hence body temperature can confirm the
occurence of ovulation and the beginning of post—ovulatory infertile
interval. Steady morning temperature called basal body temperature (BBT)
has thus come to be used among NBC practitioners. However, the reliabi-
lity of this method suffers due to disturbing physiological factors,
mental stress and any long journey involved, which tend to change the
body temperature and mislead the NBC practitioners. Development of
electronic thermometers incorporating statistical algorithms to improve
the reliability of BBT method has been reported /7,8,9/.

1.3.3 Billing's method

Cervical mucus viscosity has been observed to be a function of menstrual

cycle status /10/. Dr. Billings has divided the menstrual cycle into 5
phases with respect to cervical mucus viscosity and the fertility
interval:

Phase 1: period of menstruation flow - infertility interval,

Phase 2: feeling of dryness in the vagina - infertility interval,

Phase 3: flow of mucus with whitish cloudy colour, pasty and sticky in
nature, providing a favourable condition for the spermatozoa in the
vagina - fertility interval,

Phase 4: increase of cervical discharge, very clear and less viscous
mucus, lubricative and stretchy in nature - peak fertility interval,
Phase 5: mucus loses its stretchy nature and becomes more watery -

infertility interval.

The use of Billing's method needs prior training to decide the nature of

mecus &nd therefore this method suffers from wunreliability among
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untrained and non-motivated people /11/. Dr. Kosasky of U.S.A has
reported the design of & simple ovumeter to measure precisely the mucus

viscosity condition /12/.

1.3.4 Sympto-thermic method

This is a combination of BBT and Billing's method and is practiced by
well-trained NBC practitioners /5/. Failure rate as low as 4% has been

reparted /11/.

1.3.5 Mucus spinnability

The measurement of spinnability or "Spinnbarkeit'" of mucus is an
extension of Billing's methed. The day on which mucus can be drawn into

- the largest thread is estimated to be the day of ovulation /13/.

1.3.6 Fern Test

Chloride content in the mucus has been observed to be maximum during the
ovulation time /14/. There are reports of chloride test . papers which
change coleur depending on the degree of chloride content to determine

the ovulation time /5/.

1.3.7 Vaginal blood flow
Increased wvaginal blood flow has been correlated with ovulation time

/15/. Vaginal bloed f{low is measured indirectly by measuring thermal

conductance in the vagina /16/.

1.3.8 Follicle explosicn
Some women feel and experience within themselves the follicle explosion

and a kind of tickling sensation associated with it /17/.

1,3.9 Bio-potential measurement

Some scientists have claimed skin surface potential to have significant
changes prior to ovulation /18,19/. Ovutron Company has brought out a
finger potential measeuring gadget to correlate with ovulation time /20/,
However, Utah University studies have shown no such correlation /21/.
Further, any external or internal injury is expected to cause signifi-

tant skin surface potential change outdoing those due to ovnlation /22/.

1.3.10 Vaginal wall optical back scattering

Optical back scattering of infrared radiation from the vaginal walls are

claimed to indicate the ovulation time in advance /16/.
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1.3.11 Hormonal measurement

Se far, only hormonal measurements are accepted for precise
determination of ovulation time. Measuring L[H, FSH and estradiol
hormones by standard radioimmunoassay in the laboratory is well known
in c¢linical analysis, but is very expensive, time-consuming and
laborious., Therefore, hormanal analysis is not useful as a contraception

method unless a simple electronic measuring device can be realized.

1.3.12 Protein/enzyme analysis:

Analysis of proteins like albumin, globulin and enzymes like N-acetyl-B-
D Glucosaminadase concentration in mucus/saliva can provide advance
. information of ovulation timing /5,23-28/, However, so far these
analysis are meant only for clinical purposes in the laboratory and not

as general methods for contraception /26/.

1.3.13 Cycle-tepulation:
A regular memstrual cycle would evidently be a great asset to NBC

practitioners. Further research work on the physiological, psychological
and other factors influencing the cycle's couse and length is certainly
needed. An interesting‘but speculative idea is proposed by Lacey /27/
under the name 'Lunaception': She suggests exploring the possibility of
synchronizing/regulating the tycle by sleeping under a variable light

source (similar to the moon's light).

1.4 Some proposals for bio-electropic solutions

1.4,1 General comments:

In 1.3 we briefly explained the various measurasble parameters which
permit the detection of ovulation time. The most reliable and precise
method , viz the hormonal analysis of plasma for determining the LH
surge by radioimmuncassay is invasive and not available for home use.
Simple non-invasive methods 1like BBT and cervical mucus viscosity
measurements, remain unreliable so far due to the influence of various
physiclogical varisetions on the measured parameters and also due to the
high degree of motivation required by swch methods. Therefore, there is
urgent need for simple and reliable bio-electronic solutions in the
field of NBC. Such bio-electronic solutigns may have 3 objectives:

1. to simplify the use of existing methods of ovwlation detection,

2. to introduce new methods with improved sensors, to measure the para-

meters mentioned in 1.3, with greater accuracy and precisionm,
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3. to improve the reliability of existing methods by applying electronic

signal processing techniques.

In this section we will describe various electronic solutions for

estimating the ovulatien time, which appear to be promising:

1.4.2 Temperature measurement
Basal body tempersture (BBT): At present , the BBT method is widely used

by NBC opractitioners. BBT has the inherent disadvantege of detecting
only the post-ovulatory phase. Furthermore, it involves the ordeal of
daily temperature recording. The use of & clinical mercury thermometer
with a high time constant { >5 minutes) to reach a stable temperature,
brings additionsl unreliability to the method. For reliable detection of
the BBT rise, WHO /3/ has recommended as 'thumb rule' a minimum of 0.2°C
rise for 3 continwocus deays over the previous 6 consecutive days,
However, even this rule can fail, if a woamn hes a slight fever for 3
days. To overcome these limitations, we suggest the use of an adaptive
algorithm, incorporated in an electronic BBT thermometer /2B/. Thereby,
.we define pre- and post-ovulation temperature thresholds and probable
fertility interval depending on the adaptivly updated data of, say, the
previous 3 menstrval cycles as shown in fig. 1,4. T1 and Th are,
respectively, the pre-and post-ovulation phase average temperature

recerds of the past 3 menstrual cycles.

8

C

temperature

0 T 10 5 70 25

Days of the cycle

Fig. 1.4 Adaptive algorithm propoaed for improved basal
body temperature (BBT) recording and analysia.
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The temperature margin of aT, around Tl and Th’ sets the 1limit of
temperature levels acceptable a5 normal, Similarly, a temperature-level
transition time interval &t arcund the mid-cycle can be defined, In fig.
1.4, t] and t2 are, regpectively, the earliest and the latest expected
day of the temperature-level transition {l1.3.1). If the measured tempe-
ratures are within these defined thresholds, the cycle is considered to
be nermal and the ovulation detection is reliable, cotherwise the user is
warned of the unreliability of the instrument in that particular cycle.

With commercially available micreoprocessers, all these functicns as well
as adaprive signal processing can be incorporated in a small electronic
BBT thermometer, to detect the post-ovulatery phase much more reliably

than the existing method.

Differential skin temperature (DST): A further improvement on

temperature measurement can possibly be obtained by measuring skin
temperature distribution over a few hormonally sensitive/insensitive
areas of the bady. Such interesting spots can be localized by contact-
less thermometry or more precisely by means of infrared therrmography
(IRT). One can expect some parts of the breasts, vagina, etc... to reach
higher temperatures than other areas because of hormonal, chemical and
vascular activity during ovulation /29/. Absclute skin temperature being
a function of &ambient temperature, it cannot be of any significant
importance. To overcome this problem, we have introduced the principle
of differential skin temperatue (DST) measurement, invelving e.g. the
measurement of temperature difference between two points, one corre-
sponding to & vascularity sensitive area (dynamic part) and che other to
a vascularity insensitive area, on the bedy skin surface.

This differential skin temperature (DST) should be independent of
ambient temperature, and hence the measurement of DST may have a signi-
ficant dimportance. This new hypothesis of DST measurement has beer

further explained in detail, in chapter 3.

1.4.3 Cervical mucus viscosity measurement

Motivated women can predict the cvulation time sufficiently in advance
by observing their cervical mucus viscosity. However, due to variations
in the degree of change in mucus viscosity from cycle to cycle, the
intuitive estimation of ovulation time, based on mucus observation, so
far remains unreliable.

Measurement of mucus viscosity is difficult with the available commer-
cial viscometers, due to the small volume cof mucus. A recent development

of an electromechanical tuning fork viscometer /30/ could be extended to
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measure mucus viscosity. A miniature viscometer using a piezoelectric
quartz tuning fork or a ceramic tuning fork instéad of &8 mechanical
tuning fork can be developed for mucus viscosity measurement. Normally,
a torsionally vibrating quartz crystal in the form of a tuning fork
would be an excellent choice. The torsionally vibrating crystal has
resistive and resctive components in its equivalent elctronic circuit.
When the crystal is immersed in the test fluid the static interelectraode
capacitance dominated the reactive component. So the measurement of
reactive impedance can be correlated with the charscteristics of the
liquid /31/. But s miniature quartz tuning fork cannot oscillate in the
liquid at a low frequency dve to its physical structure and size, It
also scquires a high series impedance supressing the oscillations.
Quartz crystsls thus appesr to set difficult problems for miniature
viscometer development, We have overcome this problem by using ceramic
tuning forks with a resonant frequency of 3 KHz, The principle of the
operation is to measure the damping factor of the oscillation in corre-
lation with the visceosity of the fluid., The damping factor is defined as
the time required for the signal 1o reach (1/e)th of its original
amplitude. The block diagram of the system is as shown in fig. 1.5a,

The piezoelectric crystal is excited with a sharp high energy impulse,
ta bring the crystal into its fundamental oscillating mode. Due to the
high mechanical stress of the flvid media, the oscillation is dampened
exponentially with a time comstant T, inversely proportional to the

viscosity of the fluid.

amplifier rvelope control
pulser pr rect detector circuit dspl oy
(a)
élE transducer
F
(b)

Fig. 1.5 Bloek schematic of: (a) eceramic tranaducer
viacosity meter and (b) capillary type viscosity meter.
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At the receiver, an amplifier and a precision rectifier convert these
signals into high level unipolar signals. The envelope detector and the
control circuit determines the time constant T of the signal and display
the measured viscosity directly. The ceramic sensor and the asscciated
electronic circuits could be miniaturized sc as to be incoporated
within a mucus extractor /32/ to measure the viscosity of the mucus
direcily at the vaginal opening, to avoid any temperature effects on the
measurements,

Another alternative solution for the measurement of mucus viscosity has
been suggested by Stauffer /33/ using two pressure transducers and a
capillary. The principle of this method is to correlste the pressure
applied on the liquid to obtein a known force on the hitting target with
its viscosity. The system to be used insuch a measurement is shown in
fig. 1.5b.

1.4.4 Bio—potential measurement

So far, the research in ovulation detection has been restricted te the
direct observation of the potentisl difference between two points (say A
and B) end to correlate Vab(t) = Va(t) - Vb(t), with the ovulation time
/20/. The main difficulties found in this method ere:

1. the points of observation have not yet been found optimally,

2. body injeries and other physiological interferences will influence
the potential measurement giving rise to false alarms,

So, bic-potential measurement at its present state of development is not
suitable for birth control purposes. We however, wish to propose that
there may certainly be scope for further research in observing bio-
petentisl changes with respect to ovulation timing, through the under-
standing of the detailed potential distributions on the surface of the
body over the whole menstrual cycle of a woman. Once such data are
available, adaptive signal processing together with lecalized multiple-
point potential measurement could perhaps be used to estimate ovulation
time. The imaging of potential distributions can be referred to as
"potentiography”.

Until today, there is no technique available to display potential images
directly, as in the case of temperature, However, with the physical-
contact switched e&lectredes in contect with the skin one can possibly
obtain such images. The switched electrodes would be in the form of
matrix semiconductor sensor arrays with a multiplexed accessing in two
ordinates. The block schematic of such a system and Df.a hypothetical
bio-potential image are shown in fig. 1.6.
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system and an hypothetical biopotential tmage.

1.4.5 Follicle explosion detection

Reliable fallicle explosion detection gives the precise time of
ovulation, One can detect the follicle explesion by 8n &coustic ot
ultrasonic method.

Acoustical method: Two very sensitive miniature microphones mounted on

the two ovaries pre-localized by uterosonography may be able to detect
the acoustical signal of follicle explosion. To aveid interference with
other -ventricular noises, the signal can be processed further to select
a predefined spectrum only and to perform & geometrically-selective
correlation. The size of the microphones and their sensitivity will be a
Iimiting factor in the system's size and its performance.

Ultrasonic method: The limitation of the passive acoustical system could

be overcome using an vltrasonic system, The principle of the Doppler
technique, as used in foetus heart rate monitor and blaod flow detector
can  be extended for follicle explosion detection using two transducers,
one on each ovary.

The follicle explosion method could be an excellent solution only for

inferility problems, in timing the artificial insemination.

1.4.6 Chemical and hormonal measurement:

Test_papers: Chemically treated test papers, which change colour as a
result of chemical concentration, have of late been introduced to
measure the chemical activity in mucus and saliva /27/. But the absoclute
level of chemical concentration varies from one woman to another and
also lform one cycle to another for the same person. In fact, only

relative changes are supposed to indicate the menstrual cycle status,
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Therefore, chemically treated test papers are not generally applicable
in estimating the menstrual cycle status, unless a way is found to
combine them with an electronic instrument to determine the degree of

change in chemical activity.

Chemically sensitive electronic devices (CSED): Recently, a new type of

semiconductor devices called chemically sensitive electronic device
(CSED) have been developed /34,35/. These devices provide an electric
sigral proportional to the chemical activity on the device interface.
Such electric signals could be processed electronically as desired,
making CSEDs more interesting for biological studies. CSEDs in the form
of CHEMFETs with a seitable chemically selective membrane as their pates
are generally being developed to analyse chemical concentration in a
solution,

The principle of construction and operation of a CHEMFET is shown in
tig. 1.7 /36/.

n type dram

A type sourca

P type subatrate
insulater
mambrane

metal contact
refarente slectrade
waluton

encapaulation

Pig. 1.7 Construction prineciple of CHEMFET /36/.

The solution to be analysed is placed in contact with the chemically
selective membrane of the FET. The solution-membrane interface acts as
an electrical resistance and the potential developed across the inter-
face is related to the ionic activity on the interface. Because of the
field effect, the drain current is varied propoertional te the gate
potential. Now, the electrical signal proportional to the chemical
activity can be further processed in a conventional manner.

Thus, CHEMFETs c¢an be wused to measure pH values and possibly with
further improvement 1in the technology, they could be used to measure

hormone, protein and enzyme concentrations,
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pH measurement: Though there is no significant change in pH, either in
plasma or in urine over a menstrual cycle (fig. 1.3), some gynaeco-
logists expect the uterine fluid to have a significant pH change during
the ovulatery period /17/.. This could be easily measured with a
miniature CHEMFET or a simple gate-controlled diede (GCD), placed in the
uterus, The pH characteristics of these CSEDs have already been proved
for precision and repeatabiliity. However, such pH sensors in the uterus
could be expulsed as in the case of IUDs, making pH measuremeat in the

uterus a speculative method only.

Hormone concentration: The LH surge is a well-established reference for

ovulation detection and is used in gl1 the performance measurements of
other methods of ovulation detection., Therefore, the development of a
simple method to measure LH conceatration will constitute a breakthrough
in the field of ovulation detection.

Tne actual knowledge of CSEDs extended in the future tc immunoreactive
measurements (similar to those applied to RIA analysis) can perhaps give
a simple solution for measurement of the LH concentration. If the
chemically sensitive membrane is replaced by a specific anti-body
membrane, the interfacial immunc-reacticn of the antigen hormone (like
FSH, LH)} with the anti-bodies in the FET membrane will result in a drain
potential varying according to the degree of antigen-antibody activity.
But for the timebeing, it is not known how to re-activate the antibody
interface layer so as to make a FET re-usable after a test. 1f CHEMFETs
with & re-activatable antibody interface layer for immuno-reaction are
developed, an excellent device could be found in such an "IMMUNOFET" for
measuring any antigenic hormane concentration.

In theory, the antibody could be either natural or synthetic, depending

on the type of antigen hormone to be analysed.

Enzyme/protein analysis: CSEDs can alsc be used to analyse enzymes,

preteins, etc... with a suitable membrane to have an ionic activity,
which gives rise to corresponding drain current variation. At the Twente
University din Holland, tests are made to measure the albumin concen-
tration in a compound, The threshold sensitivity achieved so far is in
the order of 6 mg per litre of solution /26/.

The albumin conceatrtion in the mucus is about 10ug per 1litre, which
corresponds to a factor of a thousand times less than the sensitivity

achieved so far,
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1.5 Choice of 8 suitable parameter for electronic_ovulation detection:

After looking into the various measurable parsmeters that- characterize
ovulation and into the techniques invalved in their electronic measure-
ment, & comparative study was done to choose the most suitable
parameter. Except for body temperture all other parameters pose, when
measured daily, either sesthetic problems or technical problems. There-
fore, temperature measurement particularly as a differential measurement
has been chosen in the study of ovulation detection, The details of this

study are elaborated in the following chapters.
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CHAPTER 2

This chapter pregents a basic physics of thermokinetics. The
reader can skip this chapter without losing any coentinuity for
the main body of the thesis. The matter of this chapter {s
available in any  &tandard physics  textbook treating

thermokintica, in view of human body temperature regulation.



2' HUMAN BODY TEMPERATURE AND ITS REGULATION

2.1 Basic physical phencmena

Temperature is an arbitrary scalar unit of measuring a thermal state of
a body.

The study of heat transfer is called thermokinetics:/42/. Heat flow is a
function of temperature gradient between the points considered. Thermal
equilibrium is the state in which there is ne transfer of heat. With the
existance of a thermal (temperature) gradient, there exists heat flow.
Heat filow can occur by conduction, convection, evaporation and

radiatien, until thermal equilibrium is reached.

2.11 Conduction: Conduction 1is defined as the flow of heat through

physical contact of molecules, Rate of heat flow by conduction is given

by eq. 2.1:

- koer _
Hcond Tox (TZ Tl) (2.1}

where T2 and T1 are higher and lower temperatores (°C)} and k is thermal

conductivity of the media (W/m7C).

2.12 Convection: Heat flow through the movement of molecules is called

convective heat flow., The rate of hear flow by convection is given by
eq. 2.2:

= . - 2.2

Hconv hc (TZ Tl) { )

where hC is the convective ceoefficient and is in general a function of

(T2—T1).

2.13 Radiation: Every object with a temperature more than absolute zero
{0 X), radiates electromagnetic (EM) energy in all wavelengths., Heat
transfer by radiation mainly occurs in wavelength region between 10_7
and 10_& meters. The whole EM spectrum has been arbitrarily classified

inte few groups as shown in Fig. 2.1 /4l/.
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Fig. 2.1 Commonly used classificction of electromagnetic
(EM] “apectrmen inte distinct wavelength bands and
corpesponding photon names.

A black body is an ideal type of heat radiatcr (emissivity=1), whose
radiant flux is the maximem obtainable at any wavelength for a body at a

fixed temperature.

2.14 Planck's law: The spectral radiant energy of a black body at a

particular wavelength is a function of temperature and is given by

Planck's law:

2
- 2mhe® e (2.3)

W)
A?[exp[%ﬁf}-l]

where W{A) = spectral radiant emittance (watts/m2 pm)

= the velocity of light (3x 168 m/sec)

= Planck's constant (6.6x 10_34 joule sec)
Boltzmann's constant {1.4x% 10_23 joule/K)

= the absolute temperature (K) of the black body

FEEE s - Ay
[

= wavelength (m)

Fig. 2.2 shows that the spectral radiant power increases with tempe—
rature and that the maximum radiation will be in the infrared (IR)

region of the EM spectrum.

2.15 Wien's law: The wavelength at which maximun energy is radiated can

be celculated by Wien's formula:

2898
dmax = g (2.4)

where A is in pym and T is in K.
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Fig. 2.2 Spectral radiant emittance of a black body as a
function of wavelength and temperature, as obtained by
Planck's law.

2.16 Stefan-Boltzman's law: Total energy emitted by a blackbedy (€=1) is

proportional to the fourth power of its temperature and is given by the

Stefan-Boltzman's law:

Wb = g-T" (2.5)

9 2

W mk~4

where o is Stefan-Boltzman constant ( 56.7x 10

).

2,17 Emissivity: In most of the cases, objects are not bleck bodies.
They can have vérying physical characteristics of transparence,
reflection and asorption for different spectral incident energy.
According to kirchoff's lew, the coefficient of absorprion is equal to
the coefficient of emission /43/. Thus different surfaces have different
emissivity cheracteristics. The emissivity factor of an object is
defined as the ratio of the object's emitted power to that of the radiated
power from the black bedy (at a given temperature), and is given by the
equation: ‘W(A)
E(A)o = “;?I;E— (2.6}
b
substituting eq. 2.6 in eq. 2,5, we can write for the energy emitted by
8 surfce other than a black body as:

w(x), = e(k)°_o-T“ (2.7)
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2,2 Temperature of the human body

Body temperature is a conseguence of the heat energy that is continually
being produced as a by-product of metabalism. The inner body tempe-
rature, often called 'core temperature', 1is independent of external
ambient conditions, though it is very sensitive to the body's physical
work rate /44,45/. Each organ of the body produces s different amount
of heat energy depending on its metabolic rate (oxygen consvmption).
However, the circulating System within the body's core keeps the core
temperature at 3720.5°C at different parts of the body /46/., In contrast
to this constant core temperature, the skin temperature is a function of
external ambient conditions. Skin temperature is controlled by
anatomical physiological functions in such a way as to keep a8 balance
between the metsbolically generated heat within the body and the heat
loss to the environment from the skin. Thus skin, the 'largest organ' of
the human body, functions as a thermal interface between the inner core
and the external ambient conditjions.

Thermal receptors in the skin sense the temperature and transmit this
information to the temperature regulatory glands situated near the
hypothalmus glands /42/. Depending on the feedback, the temperature
control agent adjusts the blood circulation in the peripheral tissues
for bringing back the equilibriem. In effect, the average thermal
conductance of the peripheral tissues may thereby be changed by a factor
of 5 or 6 in passing between full vasoconstriction and full vasodilation
of the blood vessels /45,47/. Skin transfers heat to the environment
through radiation, evaporation and convection, radiation being the
major factor. The emissivity of the skin is very nearly equal to 1
(0.989:0.01) /48/. Because of this constant value of emissivity, the
skin temperature and infrared (IR) radiation can be easily studied
together using Planck's law.

In 8 warm environment skin temperature is on an average 2°C lower, and
in a cold environment it can be on an average as low as 6.5 °C  lower
than the core temperature. Fig. 2.3 shows the balance mechanism /46/ of
heat in the human body. Fig. 2.4 shows the thermal emissivity and
reflectivity characteristics of the human skin /48/. Fig. 2.5 shows

measured temperatures at different parts on the skin surface /42/.
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Fig. 2.3 Heat balance mechanism in the human body /46/.
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2.3 Temperature regulation equations

The body is said to be in the thermal steady-state (thermal equilibrium)
when the heat gained by the core through metabolism {tissue oxidation)
is equsl to the heat lost to the environment. In this case both core
temperature and skin temperature will be constant with time. If one
represents heat production by metabolism by Hm and heat leost to the

environment by Hl' then

H =H for thermal equilibrium.
~ where H1 is the sum of heat losses due tc conductien {K), convection {C},

evaporation (E} and radiation (R).

ln a transient condition the steady state is not reached and the heat is
stored in the body (there can be positive storsge, i.e: heat gain ; aor
negative storage, i.e! heat loss).

The heat storage {S) can be represented by the equation /42/:

dT
S = me g (2.8)

vhere m = mass and ¢ = specific heat.

2.4 Hypothermia

Hypothermia is defined as the condition in which the core temperature
falls cosiderahly below the normal core temperature during rest in a
thermoneutral environment f42/.

Hypothermia generally occurs as a result of external cold stress. In
such & case, heat loss to the environment will be higher than the
metabelic heat production (Hm < Hl). The thermal regulating system of
the body counteracts the celd stress through the physioclogical reaction
of vasoconstriction, limiting the blood flow to peripheric tissues. This
reduces the heat transfer from core to skin with a corresponding fall in
differential temperature between the skin and the environment and thus
reducing the heat loss. If the cold stress is more then the physio-
logical compensation that can be achieved by vasoconstriction, the bedy
is bound to produce more heat for thermal neutrality and this corre-
sponds to the shivering of the body.
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2.5 Hyperthermia

Hyperthermia is defined as the condition in which the core temperature
rises considerably above the normal core temperature during rest in a
thermoneutral environment /42/.

Hyperthermia generally occurs as result of external heat stress due to
increase in environmental temperature. 1ln such a case, heat loss from
the skin to the environment is reduced (Hm > Hl), due to the lower
differential temperature between the skin and the environment. 4As the
metabolic heat production cannot be decreased, the thermal regulating
system of the body counteracts the heat stress through the physiglegical
reaction of vasodilation, increasing the blood flow to the peripheric
tissues. This increases the heat transfer from the core to the skin,
thereby raising the temperature difference between the skin and the
environment to increase the heat loss 50 as to reach a thermal steady
state.

1f the heat stress is more than the physiclegical compensation that can
be achieved by vasodilation, the sweating mechanism will start func-
tioning. Sweat glands secrete the sweat and secretion further increases
with the rise in envircnmental temperature. By this mechanism, the skin
is cooled to keep up a high rate of heat transfer from core to skin and
more heat is lost to the envirgnment by evaporation, in addition to

normal convection and radiation losses,

2.6 Basal body temperature

Basal body temperature {BBT) refers to the core temperature measured in
the morning hours after a good sleep, in comfortable ambient conditions.
Metabglic heat preduction, in such s cordition is mainly due to basal
functioning of the cells, organs, respiratory and circulatory systems of
the bedy /44/. Other parameters influencing the core temperature are :
time of the day (circadian rhythm}, menstrual cycle status in case of

women {circatrigintan rhythm) and age.

Circadian rhythm: Core temperature shows a cyclic change over 24 hours

time (a day) and such chenges are referred to as the circadian rhythm.
So, for useful measurement of BBT, time factor is important and

suitable correction should be provided /49/.
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Fig. 2.6 Typical circadian rhythm of core temperature /42/.

Circatrigintan rhythm: Core temperature changes corresponding to hormo-

nal effects controlling the menstrual cycle are referred to as the
circatrigintan rhythm. Two principal hormenes that influence the body
temperature are estrogenic hormones in follicular phase and progesterone
hormone in leutal phase of the menstrual cycle, Estrogenic hormones have
the characteristic of increasing the blocd flow /4/, particularly in the
genetic organ like wvagina and endocrine target organ like breasts
{mammary glands). Due to this increased blood flow, heat transfer from
core to skin increases with 8 corresonding skin temperture change in
those areas. However, n¢ change in the core temperature due to
estrogenic hormones has been observed (except that there is a drop of
0.1 to 0.2°C in BBT on the day of the peak LH surge; this drop has sa
far no explication). On the other hand, the progestercne hormone in
leutal phase is thermogenic in nature and raises the core temperature by
0.3 to 0.5°C. This rise in BBET is currently being used in estimating the

post~ovulatery infertile phase of the menstrual cycle.
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CHAPTER 3

This chapter presents our hypothesis of ‘'differential skin
temperature (DST)' measurement for ovulation detection; it forms

the basis for following chapters.



3. TEMPERATURE MEASUREMENT

3.1 Basal Body temperature measurement

Basal body temperature (BBT) is defined as the body core temperature,
measured in a thermally neutral condition corresponding to a thermal
equilibrium at the skin interface, Normally, the human body will be in a
thermal equilibrium in the morning after a good sleep, in thermally
comfortable ambient conditions, Thus, BBT cen conveniently he referred
to as the body temperature measured in the worning after a good sleep,

BBT measurement reflects the cellular organ activity corresponding to
chemical and hormonal reactions. Metabolism is also a function of time
during the day and so BBT also shows the circadian variations as given
in Fig.2.6. For useful information to be obtained from BBT, the measure-
ment should be done in regular hours of the morning, Otherwise
corrections to the measurements should be made /49/. BBT can be measured
at several sites (rectum, végina or mouth). The measurements generally
change constantly but differ slightly from one another /42,46/. BBT
values recorded at different sites by a motivated volunteer and

corrected for the circadian variation /49/ are shown in Fig. 3.1.

37.5
Rectal
Vaginal +...
7.
37.0 Oral -—

36. 5}

Basal Body Temperature (°C)

kT3 o] P N T A S e 1L
] 5 10 15 20 25 30
Days of the menstrual cycle

Fig. 3.1 BBT recording obtained from a velunteer over a
menstrual cyele;  measurements were done at three
different sites: al) rectum, blvagina and e} oral.
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In the ovulatoery menstrual ¢ycle BBT shows a clear biphasic pattern and
so BBT is well accepted as a measure of hormonal activity in determining
the status of the menstrual ¢ycle. The progestercne hormone rises in the
leutal phase of the menstrual ¢ycle; as this hormone is thermogenic in
nature, the core temperature also rises by 0.3 to 0.5 °C. This rise of
BBT, over the values cbtained during the previcus days of the cycle
confirms the rise in plasma progesterone level and hence it indicates
the beginning of the post-ovulatory infertility phase of the menstrual

cycle.

3.2 Skin temperature measurement

Thermal properties of the human breast

The breast skin surface temperature has been studied &s a function of
the underlying pathological, physiological changes in the body /52-55/,
The breast skin surface temperature is a function of core temperature,
blood circulation, underlying tissue pathology and environmental thermal
conditions. Therefore, breast skin temperature alse has circedian,
circagnitan chenges for given ambient conditions. Thermographic mapping
of breast temperature shows a wide degree of temperature distributions
over the breast skin surface., Such & thermal distribution imape is
called a "breast thermogres" and is generally obtained by detecting
infrared radietion emitted from the skin surface, by suitable scanning
techniques (see chapter 6, for details).

Average breast temperature has been observed to rise during the pre-
ovulatory phase /56/ ard this rise has been attributed to the blooad
tirculating in the cuteneous blood vessels rather than to tissue
conduction /f57/. Estrogen hormone and in particular 17-8 estradiol
hormone induces a higher vascularity in the endocrinological target
organs like breasts /54/. This has been confirmed with studies /5B/
made, involving the external injection of estrogen steroids. This
estradiol-induced vascularity (incressed blood flow) transfers more heat
to the skin surface above the cutanecus blood vessels than in other
parts where the heat transfer is only due to tissue conduction
(avascular areas); thus the average breast temperature increases by &
few tenths of a degree C. However, these studies were made in controlled
clinical conditions, in such a way that the ambient temperature did not
influence the skin surface temperature measurement. To overcome the
influence of ambient temperature, differential skin temperature measure-

ment on the breast skin surace is proposed ism this thesis.
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3.3 Differential skin surface temperaure measurement: An hypothesis

Human breast skin surface temperature measured in basal condition varies
as a function of tissue conduction and cutaneous bleed flow through
capillary action. During the menstrual cycle of a woman, the blood flow
in the breast region is cbserved to vary as a function of hermonal
cencentration in the plasma. Hence, we can expect the different levels
of vascularity and corresponding change in thermal distribution over the
breast's skin surface during the menstrual cycle.

The follicular phase of the menstrual cycle hes the least hormeonal
activity and so will have less vascular activity. During this phase, the
thermal distributions over the breasts can be expectd to be in the form
of isothermal rings, corresponding to heat flow through tissue

conduction only as shown in Fig. 3.2a,

T 1 1 35 3‘ x| v 115
Side view

Blood vesswh

{c)
Front view . @ @

Fig. 3.2 Bypothetical temperaturs distribution on the
) tTe sRkin surface, over the differvent phasee of the
mengtrual cyele.

a; avascular condition, corresponding to the follteular
phase,

b) vascular condition, referring to the ovulatory phase,
and

S

¢) moderately vaacular conditton, corresponding to the
Leutal phase.



The ovelatory phase of the menstrual cycle involves the peak hormonal
activity, Estrogen hormones in particular increase the blood flow in the
cutaneovs blood vessels and hence disturb the isothermal thermal
distributions over the breasts, 1in those particular regions with
cutaneous blood vessels, The hypothetical thermal distributions with
superposed thermal maps due to estradiol-induced vascularity are shown
in Fig., 3.2b.

The post-ovulatory phase has both estrogen and progestercne hormones
present in the plasma. The progesterone hormone is thermogenic in nture
and hence raises the body temperatere by few tenth's of a degree. At the
same time the tissue conduction coefficient increases /54/, thereby
increasing the skin temperature also. Estrogen hormones have lesser
influence in wvascdilation of the blood vessels in this phase /57/.
Therefore the thermal distributions on the breast skin surface will be
similar to those during the follicular phase with small distertions and
with & relatively higher thermal level as shown in Fig. 3.2¢c.

Based on the above observations, we can interpret the thermal distri-
butions over the breast's skin surface as follows: Isothermel rings
corresponds to the tissue conductive temperature distribution (minimum
blood flow) and any distrotions of these rings supposed to be caused by
vascular activity {increassed blood flow).

Measurement of the temperature difference between these distorted tempe-
rature areas corresponding to dynamic temperature spots (caused by
estradiel-induced vascularity) and undistorted isothermal ring areas
corresponding to static temperature spots should hence reflect estrogen
hormonal activity in the body. With this prinicple, we make an hypo-
thesis to correlate the temperature difference measured to the estrdiol
hormone concentration and hence to estimate the ovulation time.

Our hypothesis states that the temperature difference measured between a
'dynamic __point"' referring to the vascular sensitive temperature _area

with cutaneous blood vessel and a8 'static peoint' referring to the

avascular temperatute area without any cutaneous blood vessel correlates

with the estradiol hormone concentration in the plasma and hence with

the ovulation time.

We call the temperature difference measured between a 'dynamic point'
and a 'atatic point' as differential skin gurface temperature (DST)

henceforth.

Because of differential measurement principle, the influence of ambient
temperature on the DST measurement will be insignificant.

Selection cof dynamic and static temperature areas for DST measurement

has a major role in establishing the significance of DST measurement as
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an indicator of hormonal response and hence as a parameter for advance
detection of ovulation timing. Telethermegraphic infrared imaging can be
used to detect reliably, the dynamic temperature spots and the static
temperature spots over the menstrual cycle.

Based on the above hypothesis of DST measurement for ovulation
-detection, a detailed study is carried out to verify the significance of
DST through clinical exﬁeriments, mathematical modeling and c¢omputer
simulation of hypothetical breast thermograms and detailed computer-
assisted image analysis of thermograms. All these points are explained

in the following chapters.
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CHAPTER 4

Thia chapter presents the detalls of the clinical tests conducted
and the results thereby obtained. The results presented in this

chapter have been published in the following publications:

“Derermination of fertility iInterval with ovulation time
estimation walng differential skin surface temperature (DST)
measurement.”

Fertility and Sterillty, Vol. 41, WNo. 5, May 1984, pp.
171-774. '

“"Correlstion study of differential skin temperature (DST) for
ovulation detection using infrared thermography.~
Proc. of 15MI1'82 Berlin Conference, 1982, pp. 129-131.



t,, CLINICAL EXPERIMENTS AND RESULTS

4.1 Infrared Thermography

Human skin has the radiation characteristics that correspond
approximately to those of a black bedy, in the infrared (IR} range of 2
to 40 um wavelength, as explained in §2.2. Therefore, the temperature
distribution on the skin can be well studied by detecting the infrared
radiation from the skin surface. Temperature measurement with Sensors in
contact with the skin {like thermistors, thermocouples or transistors},
disturb the thermal equilibrium on the skin interface. Also, it is very
difficult to obtain the temperature distribution over the interested
area with & high spatial resclution, when measurements are done with
contact sensors of a finite size. The problems of disturbing the thermal
equilibrium and that of limited resolution due to the size of sensors
can be overcome by remote thermal scanning of the interested area.
However, IR radiation undergoes high attenuation in the atmosphere
except in the two atmospheric 1R windows with the wavelength ranges of 2
to 5.0 umand 8 te 14 vm /41/, which are therefore commonly used in
remote thermal scanning. The peak IR radiation from the human skin
opccurs at a wavelength of around 9.7 m corresponding to a skin tempe-
rature of 300 K, according to Wien's law /42/, So, in our clinical
experiments we have used a thermography system {(AGA 782) that is
sensitive in the .wavelength range of B to 14 pm. The detailed
description of 'AGA 782" infrared tehrmography (IRT} system is given in

chapter 6.

4,2 Selection of Volunteers

The principle interest of our study being the detection of ovulation for
natural conception/contraception among healthy and regularly mens-
truaring women, the selection of volunteers in the first phase of the
experiment, was done among non-pharmaceutical contraceptive users only

Six volunteers in the age group of 20 to 35 years who were healthy,
regularly menstruating and interested in the practice of natural
contraception, took part in this investigation. One of the volunteers
was breast-feeding her babf. Thiz person was included to observe the

temperature cycle as a function of lactation.
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In the second phase of the experiment, 10 volunteers were chosen
irrespective of their contraceptive methods in use, They included 3 pill
users, 3 natural birth contrel (NBC) practitioners , 3 intrauterine
device (IUD) users and one without eny particular methed in use {she had
no sexval relationships with the opposite sex)., This choice was allowed

us to study the effects cf varicus contraceptive methods in practice.

4.3 Experimental protocol

All the volunteers who tock part in this experiment were briefed about
the difference between ionizing and non-ionizing radiation type of
medical imaging. This we felt necessary to make it clear to the
volunteers that no EM energy is being transmitted through their breasts
while thermal scanning, and hence there is no side-effect of any sort,
as in the case of Mammography. This enabled the volunteers to
participate in the experiment with a high degree of motivation without
any anxiety or hesitation.

The volunteers took their BBT before waking up from the bed every
morning, and noted down remarks on the time of messurement, on any long
journies made, drugs consumed, etc... These remarks were called for, te
improve the interpretaticn of the BBT records later on. They were asked
to lead a normal life, without being overly consious about the experi-
ment. They came to the hospital in the eerly hours of the morning
(between 7:30 a.m and 9:00 a,m) without consuming any drinks/food {so as
to maintain very nearly a basal state of metabolism), on the predefined,
days of the menstrual cycle. These defined days being: once in three
days between days 1 and 11 (follicular phase), every day between days
12 and 18 (the gener=lly expected period of ovulation), eand then once
in two days until the end of the menstrual cycle (leutal phase).

Once they came to hospital, they relaxed for 15 minutes bare-breasted
for tempersture stabilization and then posed their breasts for IR
thermographic scanrning in arms raised position as shown in Fig., 4.1.
Then contact temperature measurement was done at few selected points,
Later on volunteers gave 10 ml of blood samples, which were stored
centrifuged and analysed later on for plasma hormonal concentration to

obtain the reference cvulaticn time.
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Temperature
reference

Fig. 4.1 Infrared imaging of breasts in arms-raised
position, as adopted during our clinical tests.

4,4 Infrared imaging procedure and video recording

The infrared thermography system was installed in a spacious room with
normal central heating, The room temperature was observed to vary
betweer 19°C and 23°C on different days of the experiment. No special
attention was taken to regulate the room temperature more precisely. The
walls were observed not be to have any IR reflecting surface that could
disturb our measufements.

Volunteers, after arriving in the hospital rested in a room next to the
IRT imaging room, bare-breasted for about 15 minutes. This was necessary
to bring back the metabolic rate to apprgximately that of the basal
state and to obtain temperature stabilization in the new environment
/59/. After the expected temperature stabilization, they stood in front
of the IR camera at a distance of 1.5 metres and posed for thermal
imaging in a hands-raised position, to confirm with the recommended

procedure /41/. The operator took care not to interfere himself with
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the detected IR radiation and thus create artifacts in the IRT image
(e.g. the case when he stands behind the camera and thus providing a
reflecting media}.

The reference object with black hody characteristics (emissivity =1) was
situated next to the volunteer {at the same distance of 1.5 metres) and
the reference temperature was set to the mean temperature of the
breasts, Thermal level of the IRT system was edjusted to obtain this
reference temperature as '0' isotherm on an IRT image when scanned.
Thermal range was always set to '5' so that there would not be any
saturation levels appesring in the IRT image., Breasts were scanned for
front and side views, for better analysis of temperature distribution on
the breests, The hard copy of the IRT image was recorded on a polaroid
film and stored with proper identificatiomn of the volunteer and date of
the record. .

The composite video signal from IRT system was recorded on the video
magnetic tape for computer-assisted imsge analysis to be carried out
later on. Thermal settings of the IRT system {(thermal range and level)

were noted for quantitative analysis of the breast thermogram.

4.5 Contact temperature measurement

Based o¢n the IRT image, a few points were located for contact tempe-
rature measurement, Fig, 4.2 shows the points so selected: ‘'a' is a
vasculerly semsitive point {which we call 'dynamic point': situated over
the cutaneous blood vessels in the area of the areola), 'b' is & point
on the sternum and 'c' is a point just below the breasts. Both 'b' and
'c' are supposed to be static points corresponding to the 4vascular
area. Measurement was done with a precise electronic thermometer

t_t

(Vltrakust, model 4012). The temperature difference (DST) between 'a

and 'b' and between ’a' and 'c¢' were calculated,

Fig. ¢.2 Points of temperature measurement with a
eontact—sensor thermometer.
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4,6 Serum collection and Storage

Blood samples of 10 ml was collected on each day of the IRT investi-
gation. They were centrifuged for 5 minutes at approximately 1000 g
pressure within 10 minutes of sampie collection and the plasma was
stored &t -20°. Each tube containing the plasma sample was properly
labelled to provide correct identification of the volunteer, date of
extraction and the maximum time withim which, the hormeonal assays should

be carried out for correct results,

4.7 Radioimmunoassay

Plasma samples stored during the experiment were sent for hormonal
assays at the end of the duration of the experimental. The assays were
conducted for 17-8 estradiol, Leutinizing hormone, Follicle stimulating
hormone and progesterone hormones. The peak day of LY surge was taken as

a reference for ovulation time estimation /5/.

4.78 Methods used in the radioimmunoassay: All RIA methods essentiaglly

depend on a reaction between & labelled hormone (e.g. !2°I standard
hormone ) and antibody specific to the hormone.

The reaction can be written in the farm:

Labelled hormone (F) + hormone antibody =+ labelled anigen-antibody
complex (B)

Unlabelled hormone
1
Unlabelled antigen-antibody

complex

The ratio between labelled hormone bound to antibody (B) and the free
125  labelled hormone (F) falls progressively in proportion to the
increase in the concentration of the unlabelied hormone. The ratio B/F
is plotted against the hormone content of the standard hormene. From the
plot, actual concentration of the specific hormone is determined. The
plasma samples of the velunteers stored during the experiment were
analysed using DAB/PEG method /50/, which is a standard RIA methed with

'Seronoc diagnostics' company /50/, who analysed our samples.
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4.8 Results

Observations on one of the volunteers, who was breast-feeding her baby
were discentinued after few days of observation, because of the random
temperature changes observed on her breasts.

Breast thermograms of one of the volunteers as observed by AGA IRT
system are shown in Fig. 4.3 {as typical examples of menstrual cycle
dependent breast thermograms). Thermogram 'a' with a few isothermal
rings (in a graded grey scale) confirms our expectation of temperature
distribution on the surfsce of the breasts, through tissue conduction,
These isothermal rings get distorted over the following days due to the
estradiol-induced vascularity as observed in the thermograms 'd','e’ and
'f'.  After the day of ovulation, vascularity due to estradiol is again
minimum and the pattern of isothermal rings is again observed in the
breast thermograms, as can be observed in thermograms 'g' and 'h',
However, post-ovulatory thermograms have a higher mean temperature
compared to the pre-ovulatory phase thermograms, because of increased

level of plasma progesterone which is thermogenic in nature.
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Fig., 4.3 Menstrual-cycle dependent breast thermograms of one of

the volunteers: Numbers on the image represent the day of
menstrual cycle counted with respect to the day of LIl surge.
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Individual data of each of the volunteers were analysed for their
completeness or proper validity. Those which were incomplete or not
valid due to irregular physiological conditions as observed on the BBT
recerds of the volunteers were eliminated and not used during the
further analysis. Individual data collected on the hormonal
concentrations, on DST and on BBT are presented in Appendix A.

The mean DST between point 'a’' and 'b' (i'e"Ta_Tb)' ‘the BBT, and the
hormonal variations over s menstrual cycle, averaged for ten volunteers,
are as shown in Fig. 4.4, Only the middle part of the menstrual cycle
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Fig. 4.4 Varigtion of hormone concentration in the plasma
(LH end FSH at the top, estrogen and progesterone in the
middle}, BBT and DST (bottom) during the middle part of the
menstrual cycle. The deta plotted are the average of the
data obtained from 10 volunteers, who were all non-
pharmaceuticel contraceptive users,
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was complete with respect to data and hence the plotted results are
restricted te the middle part of the menstrual cycle only, Day '0O°
represents the day of the leutinizing hormone surge, a reference value,
obtained by standfrd,radioimmunoasspy. lt_caé‘be seen that between days
-3 and -1, estradiol (EZ) curves rose concuﬁgéntly. The degreé of rise
in DST was related to the level of E2 in the individual volunteers and
the correlation between them was significant as can be seen in table 1.
Student's 't' distribution was used in the statistical amalysis (for
obtaining mean, standard error mean (SEM), standard deviation (5D) and
correlation coefficient (r) as shown in tables ! and 2) of the data
collected and in calculating the significance of the DST measurement

/90/. Farmulae used in this analysis are explained in Appendix B.

Table 4.1 : Individual volunteer's data in the middle part of the cycle.

Volunteer Ey {10 nmol/7) OST (Ta-Ty) < Corr. coefficient (r)
Hean sh Hean S0 __E,- 0sT
B.S (Ne) 0.21 017 - -2.82 0.51 0.94
G.R (Ne) n.47 0.3 -2.77  0.62 0.63
M.N (Ne) 0.49 0.4 -2.62 0,40 . 0.86
K.P (Ne} n.58 0.58 -2.44 Q.51 0.86
C.B (Ne) 0.33  0.37 -2.35  0.47 0.88
P.C (Be) D.44 n.25 -1.24 0.39 0.69
5.7 {Be) 0.61 0,28 -1.32  0.50 H.82
L.N (Be) 0.98 0.53 -1.40 0.39 0.56
Y.y (Be) n.52 n.24 -1.26 0.42 n.81
B.C (Be) 0.3 0.13 -1.58 0.29 0.88
8.0*(Be) 0.70 0.89 -1.35  0.41 0.6%

* This vclunteer is not considered in fig. 4.4, due to insufficient data

[Note: The volunteers of Neuchfitel participated in the basal conditien,
whereas the volunteers of Bern participated during their working hours,
in the experiment. This may be the reason for the difference in the de-

gree of sensitivity in DST between these two sets of experiment. ]
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The changes in D3T were significent {(P<<0.02, calculated with respect
to day 0), compared with the BBT variations, The individual and mean
statistical analysis comprising E2' DST and BBT are given in tebles 1
end 2., The BBT records were corrected for circadian variations before

the statistical anlaysis.

Table 4,2 : Mean E , BE8T and OST during the middle part of the cycle.

oar E, (10 mmo1/1) B8T (°C) 05T (9¢) o
Mean * SEM SO Mean % SEM 50 MEAN * SEM 50

-5 0.34 :0.09 0,27  36.36 *0.07 0.25  -2,0 £ 0,28 0.85 0.00]
-4 0.42 :0.07 0.21  36.47 0,07 0.23  -1.92 #0.20 0.63 0,001
-3 0.51 +0.07  0.23  36.49 +0.05 0.15  -2.08 0,17 0,54  0.00)
-2 0.74 2012 0.37  36.45 0,05 0.17  -1.62 0.17 0.54 0.00]
-1 0.84 :0.14  0.45  36.43 *0.07 0.23  -1.41 20.22 0.77 0.005
0 0.79 1012 0.40  36.45 30.9%6 0.19  -1.30 *0.24 0.81 -
1 .53 £0.15 0.44 36,60 20.04 0.14  -1.8) 20,22 0.69 0.00]
2 0.39 *0.11 0.34  36.70 :0.05 0.16  =-1.92 :0.19 N.63 0.0}
3 0.29 10,05 0,15 3676 +0,06 0.19  -2.93 #0.26 0.77  0.00]
4 0.18 20,05 0.10  36.82 20.03 0.10  -1.60 £0.28 0.57 0.00}
5 0.22 +0.08 0.13  36.78 *0.03 0.11 -1.53 £0.22 0.39  0.001

SEM = Standard Error Mean, SD = Standard Deviation
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Fig.4.5 shows the curveé of DST, BBT and hormonal levels obtained with

one of the volunteers (typical case),
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Fig, 4.5 Bormonal levels, EBT and DST as measured with
one of the volwnieers in the middle part of the menstrual
eyele.

The DST and BBT variations over the middle part of a menstrual cycle for
a particular volunteer who had mild fever for cone day during the
observation cycle are plotted in Fig. 4.6, It can be seen that the BBT
change due to fever is not reflected in the DST curve of the same
volunteer. This indicates that in at least one case DST was not
affected by transient physiclogic changes. This could prove'to be a

significant advantage of the DST as compared with the BBT.
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Fig. 4.6 DBT and DST valves meesured with a volunteer who
had mild fever over one day in a particular cycle,

The hormonal assay ' of plasma of one of the volunteer showed the
anovulatory. cycle, The corresponding BBT, DST and the hormonal levels
are plotted in Fig. 4.7. It can be observed from the figure that
careful analysis of DST chart can indicate the anovulatory cycle without
the need of hormonal analysis of the blood samples.

The DST and BBT averaged for all 3 pill wsers did not have any
systematic and significant variations over a menstrual cycle. The mean
of DST and BBT averaged for all 3 pill users are as shown in Fig. 4.B.
This data confirms other researchers' results that there will be no
significant change in breast temperature among pill users /29/.

We did not observe any particular special effect of an intrauterine
device on the breast temperature among the users of this mechanical
contracetive,

The temperature distribution changes were observed {by IRT) to be almost
symmetric on the two breasts, and hence thermometric measurements were
done only on the right breast.

All temperature measurements ~So far described refer to the contact
thermometric measurements. The breast thermograms recorded on the video
magnetic tape during the clinical experiment are analysed later on with
in-house developed computer assisted thermography (CAT) system, The
details of the CAT system, image processing features and the results
based on computer-assisted analysis of breast thermograms are given in

chapter 6.
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Fig., 4.8 BBT and DST variatione with pill users over a
menstrual cyele. The data plotted is the average of the
data obtined from 3 pill users.
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4,9 Discussion

The DST behaviour observed can be explained as follews: referring to
Fig 4.2, point 'b" is in a vascularly insensitive area, and Tb threfore
provides a ‘'static' temperature. Point 'a' lies over a vascularly
sensitive area, and so Ta represents a 'dynamic' temperature. During the
early follicular phase, there is no strong vascular action, and Ta
remains low, Th being always higher than Ta' (Ta - Tb) is low (and
negative). During the pre-ovulatory phase, the vascular activity reaches
a peak corresponding to E2 activity, and Ta increases due to convective
heat transfer, increasing ('I‘a - Tb) te its peak value (howewer,
negative). In the post-ovulatory phase, the 'static' temperature Tb
increases due to the increased level of progesterone, resulting in a
lower value (Ta - Tb) once agein,

If the experiments are conducted with pregnant, lactating and aged
(beyond menopause) women, results similar to those obtained with oral
contraceptive users (i.e., no significant varaitions in DST over the
menstrual cycle) can be expected /29/,

A remark that might have some importance for tropical countries may be
appropriate here. If one makes similar thermometric studies in het
environmental conditions, where the ambient temperature is higher than
the body temperature, the inverse action should take place. The
convecting blood flow basically takes away heat, and hence a cooling
effect should be observable at point 'a' in Fig. 4,2, Even in this case
we speculate that the proposed DST method holds good because of its
'dynamic’ measurement principle. This hypothesis remains to be
confirmed.

When the ambient temperature is of the order of 37 °C, the sensitivity

of DST will be small and may pose problem to correlate with the hormonal

" levels and hence with ovulation time.
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CHAPTER 5

This chapter presents a simple mathematical modeling and computer
almulation of hypothetical breast thermogrems, to explain the
temperature varifations on the breast's skin surface aver the
menstrual cycle. Host of the wstter contained in this chapter
was presented as a canfetence paper at the International

Thermagraphy Congress in lucern, under the title:

"Mengtrual cyele related breast thermograms: Mathematical

modeling, computer aimulation and experimental verificatlon.”

The same paper has been published in an  Intermatioal Journal
" Infertility ", Vol. B, pp 235-248, 1985 later-om.



5 . MATHEMATICAL MODELING AND COMPUTER SIMULATION

3.1 Mathematical Modeling: Introduction

In pgeneral, heat transfer processes in biomaterials are the result of
complex interactions between tissue conduction, tissue perfusion (invol-
ving capillary blood flow as well as arterial and venous blood flows)
and tissue metabolism. Biomaterials being antisotropic and inhomogenecus
in nature, the understanding of complicated heat transfer phenomena in
biomaterials becomes difficult /60/. _

In thermal modeling of a biological system, simplifications are
penerally applied with respect to material homogeneity, metabolism,
tissue perfusion rates and the boundary conditions., These simplificatens
allow one to represent the actual physical or physiological situation,
by mathematical equations in the form of partial differential equatiens.
Based on these simplificaticns, the temperature of the material as a
function of space and time can be regpresented by applying the first law

of thermodynamics. The resulting equation wiil be in the form of

aT 2
ﬁ = C!.'VT (5.1)

where T is the instantanecus temperature and is the effective thermal
diffusivity (o = keff/p-c where keff is the effective thermal conducti-
vity, is the specific density and ¢ is the specific heat of the
material}.

This simple model is valid only for specific conditions: no blood flow,
absence of tissue metabplism and isotropic medium.

To improve the modeling towards a real situation, Pennes /61/ separated
the heat producticn inteo metabolism and tissue perfusion, resulting in
eq. 5.2.

.aT Jgim
pees = k*¥°T + h_+ hy (5.2)
vhere hm = rate of tissue heat production = constant
hb = rate of heat transfer from blood to the tissue
hb = whcb(Yu l)(Tts_ Tar) 3w = rate of blood flow

B €y = specific heat of blood
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H Tts= tissue temperature

. Tar= arterial blood temperature

i Y = equilibrium constant (0< y <1}
=0 ; for equilibrium

If there is a difference in arterial bleod temperature and vencus blood

temperature, eq. 5.2 can be modified te obtaim eq. 5.3 /60/:

aT 7 oA . - - oh v -
prcigs = kYT + hm + hb - hta A, (TtS Tar) htv A, (Tts Tv) {5.3)

where 'I“r is venous blood temperature, and h[v are heat transfer

hta
coefficients from artery and vein to the tissues, Aa and Av are
surface areas of arterial snd venous veins respectively.

Many investigators improved on Pennes' model to incorporate other
physiological parameters in the calculatien while medeling the thermal
regulation of a complete human body /63-65/ or of a single part of the

body /62/.

Based on Awbery's /66/ physical thermal modeling for hidden point and
line sources, Draper and Beag have calculated the skin temperature
distribution by considering the hidden heat sources as point sources

(ex: tumour) or line sources (ex: veins) /67/.

5.2 Modeling of breast thermegrams

Our interest d1s to analyse and understand breast thermograms as a
function of the menstrual cycle. Therefore throughout our =analysis
thermael aquilibrium 4s assumed and the principle wvariables are the
hormonal changes and their effects /70/.

The breasts possess tissue heterogeneity and complex vascular patterns;
therefore, & number of assumptions have to be made befere we can
establish a mammary thermal medel that allows for simple mathematical

treatment,

5.2.1 Thermal aspects

In the absence of big blood vessels, the heat flow H in the mammary

tissues can be described by Fourier's law /68/:
H = - keff-Erad T (5.4)

Where ke represents the thermal conductivity coefficient including the

if
capillary heat transfer.
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When the rate of heat production and the rate of heat loss are equal,

eq. 5.2 reduces to another Fourier egquation /60/:

20 _ _pc 3T
9T = PP (5.5)

Since, during rest the change in temperature with time is absent, we

have & simplified equatien by setting eq. 5.5 to O:
T = O {5.6)
Eq. 5.6 is called the Laplace equation.
In this condition of equilibrium, the heat balance equation according to
Newton's law of equilibrium can be applied at the skin interface:
Heat gained by the skin by transfer of heat from the core =

Heat lost to the enviromment from the skin surface

5.2.2 Geometrical aspects of breasts

The tissue structure between the skin and the core is assumed to be made
up of three layers as shown in Fig., 5.1. The core is assumed to be a
plane {y= 0) and normal to bell-shaped breasts: the temperature of this

plane would be equivalent to the rectal temperature (36.5°C to 37.0°C).

Breast contour Blood
vessel 4

Fat tissue

‘Muscle + Bone

....... Tt PO S O S S Core plane
AT I I T T A T T I L L T I (T ity PO
-32 32 X (cm)

Pig. 5.1 Tdsewe structure of breasts assumed  in
mathenatical modeling of breast themograms.
Values of constants assumed are: a=16, b=140, and c=200.
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The geometrical shape of breasts is assumed to follow eq. 3.7:

2
~{Xx + a ~{x - g)?
Ypr(R) = ex 2L 4 exp {x - a) (5.7}

where x and Yy BTE geometrical co-ordinates of breast, as shown in
Fig. 5.1. Similarly, the main blood vessels in the breasts are essumed

to follow the path ybv(x) given by eq. 5.8:

—{x + a)?
c

~(x - @)’
C

yhv(x) = exp +, exp

v =-a< x <a (5,8)

a, b and c in eq, 5.7 and eq. 5:8 define the size of the breasts and the
path of the blood vessels.

5.3 Heat transfer equations

Skin receives heat from the core by thermal coaduction through the
tissues and by thermal convection through blood circulation in the
veins. At the same time, skin looses heat to the environment by thermal
convection through surrounding air, by thermel radistion and by
evaporation. In the thermal equilibrium condition, heat gain and heat
loss at the skin interface being equel, the skin temperature can be

calculated by the heat balance equation.

5.3.] Heat loss and thermal constants

The principle factors in heat loss are heat loss due to radiation and
heat loss due to free convection. Both of these are proportional to the
temperature difference between the skin surface temperature (Ts) and
the ambient temperature (Ta)' provided ('I's - Ta) is small /69/. Thus,

the heat loss from the skin obeys Newton's law:
H o= (T, - T,)E (5.9)

where E is called "surface conductance' and is made up of radiative,
convective and evaporative components, the latter however, being small
in comfortable ambient conditions.

E= Erad + Econv * Econd * Eevp
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a) Heat loss by radiation: The net heat loss by radistion, from the skin

surface at temperature Ts to the envirponment at temperature Ta' is

given by Stefan-Boltzman's law,

rad = OETL-T £5.10)

If (TS - Ta) is small eq. 5.10 can be simplified to

= * . -_ .3
Hrad = dce(TS Ta) TI11 , (5.11)
where Tm = (TS+Ta)f2 is the mean temperature‘of the emitting media and
receiving media. Rearranging eq. 5.11 in the form of eq. 5.9 and
assuming =1 for the skin, we can write:

a
Brad = 40T (5.12)

In comfortable ambient conditions E ad varies between 5.8 k'/rn2 °C and
6.2 N/m % /69/. For our caleulation E ad is assumed to be constant and

equal to 6.0 W/m? .

b) Heat Joss due to convection: It is generally hard to estimate the

convective heat loss due to the varying local contours of the body and
to the air movement around the body, etc... However, a simplified
empirical formula /69/ provides an estimate of convective heat loss in
terms of the equivalent air thickness "h" of still air, which would
allow the same heat transfer by conduction alone as actually occurs

through the moving boundary layer by convectien, We thereby write:

k
= ~air
Boonw = BEE(T - T)) = E_ (T _~T) (5.13)
The value of E ad T /h around the breasts in comfcrtable ambient
conditions varies between é 0 W/m °C and 5.0 W/m2°C The mean value of

4.5 W/m2°C for Econv is taken as a constant for the calculation.

The total heat loss is a sum of losses duve to radiation, convection and
evaporation. We assume E =12.5 WImqu as a constant /69/, E represents
the total surface conductance. It includes E ad = 6.0 'I-I/m2 °C and
E = 4,5 W/m °C as well as a remaiping value of 2 H/m that

conv
accounts for the losses due to evaporation and cenduction.
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5.3.2 Heat gain and thermal constants

Heat gained by the skin surface is through tissue conduction and by
convection through the blood flow in the principle veins. Applying (as
an approximation) Newton's law of heat transfer, we can calculate the
skin temperature. The thermal constants for the materials that interest
us here are given in Table 5.1 /60,69/.

Table 5.1 : Thermal properties of materials

Material kOV/cm=C1 pfgm/cn] clJ/am-C 1]
S5till air 2.3:107"

Skin 3.8.1077

Muscle 4.2-107° 1.27 3.8

Fat 2.1-1078 0.92 2.3
Blaod 5.06-1073 1.06 3.8

5.4 Effects of hormones on thermal physiology

The principle hormones of the menstrual cycle are estradiol (Ez),

leutinizing hormone {(LH), follicle stimulsting hormone {FSH) and

progesterone (P). Estradicl hormone induces higher blood flow in the

endocrinological organs like mammary glands /4,29,54,57,58/ :this  we

denote as 'estradiol-induced vascularity’, This phenomenon has been

tested by external induction of estradiel in the plasma and observation

of @& subsequent riae in blood flow upto 2.5 times the normal flow rate

/58/. This rise in blood flow causes more heat transfer to the upper

layers of the breast through convection. So, & few skin surface areas

with cutaneous blood vessels have a higher temperature than the

neighbouring areas where there are no cutanecus blood vessels. This, in
fact, can be observed on the breast thermograms.

IH =and FSH have no influence on the thermal physiclogy. But

progesterone hormone, whose concentration rises in the leutal phase of
the menstrual cycle, has thermogenic properties /5/; it so increases

the core temperature by 0,3°C to 0.5°%. This rise in core temperature

also increases the skin temperature through tissue conduction, an

effect that can be observed on the breest thermograms.

The sabove effects of hormones are considered in the following

mathematical analysis of breast thermograms,
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5.5 Phases of the menstrual cycle

5.5.1 Follicular phase of the menstrual cycle

The follicular phase of the menstrual cycle is characterized by minimum
hormgnal <concentration in plasma and hence by minimum estradiol-induced
vascularity. In this avascular condition the principle heat fiow from
core to skin is through thermal conduction which includes heatr exchange
by capillaries. Considering conductive heat from a point source on the
plane y=0, (at the point on the plane y=0, normal to the point under
consideration on the skin surface), we can write the heat balance

equation for thermal equilibrium at the skin surface as

-T.)
Gestohat g, oy, 16

Ybr(x)

where E is the total surface coductance constant governing heat loss to

environment E
E = Eyad + Econv * Econd * Eevap

and

kegg ki
¥or “ITv: is the total tissue conductance

governing heat transfer from the core to the gkin; ki and ¥y being
h

effective thermal conductivity and thickness of the it layer.
(In our calculation the values of constants used are: TC = 36.5 °C,

kuscle = 4.2 107 W/en, Ky, = 201 10~2 W/em, and E = 12.5 10°° W/em).

Rearranging eq. 5.14, we have

keff .
Tyl + BT,

keff + F
Ybrtx)

T is calculated as a function of ambient temperature and plotted for
sav

Ts{avascular) = Teao(X) = (5.15)

different values of ¥, in Fig. 5.2.
The corresponding temperature (Tsav(x)) line profile drawn across the
mamelons (line x-x in the fig.)} for a given value of Ta is as shown 1in

Fig. 5.3.
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Skin temperature (°C)
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Ambient temperature ks

Ftg. 5.2 Skin temperature a8 a funetion of ambient
temperature ana depth of the heat source.
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Line profile across X-X

Fig. 5.3 Breast skin tempersture line profile, over an -z
arie, passing Uhrough the mamelons. (far breast size see fig. 5.1)
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5.5.2 Pre-ovulatory phase of the mensirual cycle

The pre-ovulatory phase of the menstrual cycle is characterized by a
peak concentration of estradiol (EZ)' leutinizing hormone (LH) and
follicle stimulating hormone (FSH). Estradiol induces more vascularity
by increasing the blcod flow particularly in the areas sensitive to
estrogenic hormones, including the mammary glands /54,57/.

The heat flow from the core to the skin is now by convection through
blood flow and thermal conduction by the tissues. Heat flow by
convection is  proportional to the rate of bleed flow in the veins.
Starting from the arterial system {with temperature Tar), blood 1looses
heat on its path to the surrounding tissuss until its temperature is
equal to that of the tissues and gains thereon from the tissues to reach

the venous system with temperature almost equal to Tar.

The convective heat flow is given by the equation:

= L] «-y .dT
Ho= prov el (5.16)
vhere © = specific density of blood (gm/cm),
¢ = specific heat (J/gm.°C),
v = rate of blood flow (cm/sec.),
and gi = temperature gradient {°C/cm)

Censidering the temperature gradient to be constant in the blood vessel,
during the thermal equilibrium condition, we c¢an calculate the

temperature of Lhe blood:

4T (5.17)
Tbl(x) = Tc -L dx
X dybv 2
vhere L = 0! Vil +[dx ) }dx is the length of the blood vessel
from the artery (see Fig. 5.1).
The thermal gradient in the blood stream being smaller (k = 5.06

-3 _3 blOOd
10 W/cm) than in the fat tissues (kfat 2.1 1077 W/em), the tempera-

ture around the blood vessel is higher during the vascular condition
than in the avascular condition. The line heat source corresponding to
the blood vessel can be considered as a series of point scurces /67/.
Each of these point sources will have a temperature Tbl(x) calculated by
eq. 5.17. The heat transfer from these point sources towards the skin

is higher ({due to the higher temperature gradient) than the heat
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transfer towards the internal core. It is clear that each point source
will basically have an effect on the whole temperature distribution on
the skin. As there are msny point sources to be considered on 8 single
blood vessel, the whole calculation of the combined effect of these
point sources becomes complicsted. In fact, Draper and Boag /67/ have
calculated the skin tempersture distribution due to a single point
source and even that step is quite involved. Their results are
reproduced in Fig. 5.4 &nd one sees that the temperature falls-off

rapidly with the offset distance.

KLIp

33

32 o

Skin temperature (°C)

14

31

37% 2
|
I

Offset Distance Dffset Tistance

Fig. 5.4 B5kin temperature distributions for a point
sowce of diameter [ and temperature of 37 &, with centres
at various depths a, a8 calculates by Draper and Boag
/67/. Temperature profiles [lotted are with a
superinpoaed thermal gradient of 3 T/em.  Assumed values
¢f eonstants are:

2.=30%, T,=20°C, E<12.5 W/em't, and X =4.2.103W/am.C.
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In our calculation, we have followed a much simpler procedure, which
actually amounts to a crude approximation.

We assume that the skin temperature at any point 'A' on the breast is
influenced only by the point source 'B’ lying immediately below the skin

point in a direction normal to the plane y=C (Fig. 5.5a).

normal fo plane y=0
direction normal f{direction of heat flow assumed)
to blood vessel.

(a)

/ blood vessel \

(b)avascular breast @ \© vascular breast
P

isothermal rings of -~
temperature distribution

Fig. 5.5 Prineiple of approzimation used for calculating
skin temperature over the cutaneous blood vessel:

a) secttonal view of breast with amd without cutaneous
blood vessels (left and right breast respectively)

b} thermal digtributicn: erpected breast thermogram from
our model..

As there are only few blood vessels in the breast region distributing
the blood flow to the capilleries, tewmperature et points on the skin
surface away from those just above the blood vessels falls off rapidly
as shown in Fig. 5.4,

Fig. 5.5b shows qualitatively the isothermal diagram of a breast, as
one can expect with a cuteneous blood vessel (see also observed
thermograms presented in 4.6).

With the above approximation, we are able to determine, in a simple
manner, the temperatures of the skin points that are lying immediately
above the assumed blood vessels.

To obtain numerical results, we have assumed further that the direction
of heat flow is only in the direction normal to the plane y=0,
independent of the distance of the point on the skir surface considered
from the point source. This is not unreasonable, as the upper parts of
the breasts are colder than the lower parts, the maximum heat transfer
between the blood vessel and the skin will certainly be in a .direction
somewhat between the direction normal to the plane y=0 and the direction

normal to the blood vessel. The temperature on the skin surface due to
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the heat source can now be determined by an equation similar to

eq, 5.15:

K
T, {x). eff
bl ——+ ET
T (vascular) = T (x) = kf a (5.18)
eff

—Z *E

where £ = Ybr(x) - ybl(x) and Thl(x) follows from eq. 5.17.

The calculated temperature now represents the temperature on the skin
point, where Tsv(x) corresponds to the temperature st the point on the
skin surface above the cutaneous blood vessel and keff is the conductive
heat transfer coefficient as a function of vascularity.

The actusl tempersture prevailing at e given point is certainly a super-
position of heat flow from the core plane and from the point heat
sources on the blood vessel. In order to simplify our computation, we

have introduced a further approximation:

Teefe(x) = Max({ Tgy (X)) Tga,(x) ) (5.19)

Fig. 5.6 shows the celculated breast skin temperature above the

cutaneous blood vessels for different levels of normalised vascularity.
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Line profile over cutaneous blood vessel

Fig. 6.6 Caleulated breast akin temperature abova the
cutaneous blood vessel, for difjerent vaseularity levels
(rate of blood flow ta asaumed to reach ¢ times the normal
flow at the peak vascularity levell.
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Fig., 5.7 shows the calculated skin temperature difference between
dynamic  temperature points (referring to the vascularly-induced
temperature} and static temperature points (corresponding to the tissue
conductive temperature), as a function of normalised vascularity: These
plotted curves of "differential skin temperature (DST)" refer to a
temperature difference between the dynamic point (x.y;;) and the static

point at {x= 0,¥y.) corresponding to the sternum.

-1. 1.0

Diff. skin temperature {°C)

-3.0

0 6.2 c.4 0.6 0.8 1.0
Normaltised vascularity

Fig. 5.7 Caleuleted dijfferential skin temperature (DST)
on the breast. DST 18 obtained by subtracting the skin
temperature above the stermum (static temperature point)
Jrom the temperature of a point above a cutansous blood
vessel (dymamic temperature point).

{Nomalised vancularityc Level of vascularity w.r.t.maximum
vascularity]

In Fig. 5.7 we can observe a direct correlation between vascularity and
the calculated DST values. As a next step, it would be interesting to
see if we can establish a link between the DST values and hormonal
concentrations, especially estrogen. In fact, many investigators
/4,29,54,57/ have shown that estrogen compounds produce increased bleed
flow. Verzini et al /29/ have measured urine estradiol and relative
vascularity level in breasts over a menstrual cycle; these measurements
are shown in Fig. 5.8. From this deta we can extrapolate the change in
vascularity due to estradiol. The data rhus extrapolated is given in

Fig. 5.9.
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Fig. 5.9 Urine estradiol and relative vascularity levels
in the¢ breast over the menstrual cyele as published by
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Fig. 5.8 Relative vascularity level in the breast as a
Ffunction of urine estradiol concentration, extrapolated
Irom the data of Verzint et al /28/ as givem in Pig. 5.5,
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By comparing the curves of Fig., 5.6 with the curves of Fip. 5.9, we can

establish 8 correlation between estradiol and DST, in the pre-

ovulatory phase of the menstrual cycle.

5.5.3 Leutal phase of the menstrual cycle

The leutal phase of the menstrual cycle is characterized by a drop in
the estradiol concenttation in the early post-ovulatory phase, followed
by =& rise in the thermogenic progestercne hormone. Estradiol hormone
rises again in the middle part of the leutal phase. Skin temperature can
be calculated for corresponding vascularity levels using equations
(5.15) to {5.1B), thst now correspond to the second peak in DST (now we
have Tc = 37, due to the increased level of progesterone). However,
the DST pesk in this phase is not as pronounced as the DST peak in the
pre-gvulatory phase. This is due to the increased conductance of the
tissues because of the higher progesterone level: the latter is in fact
also supposed to restrict the vasodilation /54,57/. Before the
following menstruation, both estradiol and progestercne fall back to

low levels.

5.6 Computer simulation of breast thermograms

Based on the mathematical equations of the previous section,
hypothetical thermograms were simulated on our PDP 11/60 wminicomputer.
Fig. 5.10 shows computer-simulated breast thermograms compared with
typical clinical breast thermograms obtained at different days ¢of the
menstrual cycle. The temperature line profiles superposed on the images
demonstrate dynamic temperature shifts at points just over the cutaneocus
blood vessels, )

Numbers -3, -1, 2 and 9 on thermograms represent days of the menstrual
cycle, the day numbered as O being the day of ovulation.

Hypothetical thermograms (Fig. 5.10a) are obtained with the assumption
of three blood vessels situated symmetrically in both of the breasts.
This assumption, however, represents a particular case only.

The temperature falil-off from the point on the skin surface above the

cutaneous blood vessel is assumed to follow an exponential law /69/:

(5.20)
T = T «(1 - exp(-BX})
x P
where Tx is the temperature at any point 'x' sway from point 'p’, Tp is
the temperature at point 'p', just above the blood vessel, is tempera-

ture fall-off constant (8=0.2/cm, so choser as to fit the observed

clinical thermogram), and 'X' is the distance between point 'p' and ‘x'.
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5.7 Discussion

Our assumptions of the breasts having a bell-shaped geomerrical profile

at Ehe side view of breasts of
Py

young women in hands-raised position, one can see the profile of typical

may not always beptrue. However, looking

breasts to be bell-shaped as assumed by us.

The convective heat transfer through blood is very nearly equel to or
less than the conductive heat transfer in muscle or hbone. So, the exact
path of the blood vessel near the core plane is not impartant. Blooed
vessel path in the fat tissues can be varied in our model by varying the
constant 'c' and thus the assumption made here for the blood vessel path
is realistic. Awbery and Draper have arrived at mathematical equations
for estimating the heat flow from 8 point source and & line heat source
for semi-infinite media. In their calculaion, they need to know the
thermal power of the point source, which is very difficult to calculate.
In the methad we adopted in calculating the effect of a point source on
the skin surface temperature, we need to know only the temperature drop
in the blood vessel. The application of Newton's heat balance eguation,
thereon at the skin interface will provide us approximate  skin
temperature directly, withbut the need of complicated numerical
integration (however, our method is based on crude approximation).

The thermal surface conductance E, defined as the sum of heat loss
coefficients, is generally not constant, but rather a function of skin
contour, air flow, humidity and ambient temperature, E varies between 10
1074 W/cm and 15 107

value of 12.5 IOFA W/cm is quite & realistic figure.

W/cm., However, in normal indoor basal conditions a

The delay observed on the measured curves (but not on the calculated
curves) between plasma estradiol concentration and DST is due to the
fact that the effect of estradiol in vasodilation &nd the corresponding
increased blood flow has & time constant of around % to 12 hours.
Further, there 1is a thermal time constant involved in heat transfer to
the skin due 1o thermal capacitance and thermal resistance of the tissue
media. Therefore, the toral delay observed by us between the estradiol
peak and the DST peak, of about 12 to 24 hours is wunderstandable; this
delay 1is, however, absent in our calculation of skin temperature.
Disturbing peaks on the experimental DST curve (in the previous chapter}
are probably due to the difference in ambient temperature and changes in

the metabolic rate at the time of IRT imaging.
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CHAPTER 6

In this chapter, the details of the commercial AGA Infrared
Thermography (1RT) equipment and the computer-assisted
thermography system developed by us to interface with the AGA
equipment are presented. The summary of this chapter can be

found in a paper titled:

“Computer-assisted thermography (CAT) and 1ts application in
ovulation detection.”

Proc. of ISMII'B4 Arlington (Virginla, U.S.A) Conference, July
1984, pp. A459-464.

The details of the circuit hardware and the software programmes
associgted with our computer—-assisted thermography system are
available in the form of a technical report of the Institut de
Hicrotechnique, Université de Neuchdtel:

“Computer-aselsted image analysis: application in thermography.”
Report, ILnstitut de Microtechnique, Report No. IMT 155 EC 02/85.



6, COMPUTER ASSISTED IMAGE ANALYSIS

6.1 Introduction

FElectronic imaging of objects in various EM wavelengths is well known,
ever since the advent of cathode ray tubes (CRT), to visualize the
varions aspects of the object's surface thus mappped. With the
development of semiconductor technology for signal processing, various
new modalities of imaping have found applications both in medicine and
industry. Imaging methods basicelly employ radietion in one of three
modes: transmission, emission or scattering, as indiceted in Fig. 6.1
/72/. Methods indicated at the top are penerally uwsed for industrial
applications and those shown at the bottom are normally used in

diagnostic medicine.

ANALYTIC

MICROSOOPY  SpecTRoscopy  JOPOGRAPHY

-"‘"""';;-/LJ

-

TRANS“ISSH]U SCATTERING

EMISSION

-~
. » DENS 1 TOMETRY
Mlmm

CoMpUTED PAD1OGRAPHY. THERMOGRAPHY

DIAGNCSTIC

Fig, 8.1 Analytic and diagnostic imaging methods based on
transmission, emisston and seattsring /22/.
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Simple imaging through two-dimensional scanning and mapping on a CRT
will net always be sufficient for proper utilisation of the information
contained in the image; this is due to limitations like:

1. only limited data can be collected in real time,

2. interpretation of the image in a particular context is difficult
because various parameters have to be considered,

3. only limited analysing features can be built into the circuit
hardware,

4, only visual analysis of the image is possible.

5, processing of the image is extremely difficult and so limited in use,

etc...

These problems are presently being overcome with digital signal
processing based on microprocessors; the latter provide a powerful tool
for information processing. Thus, at present generally all imaging
systems have 'digital image processing (DIP)' associated with signal
acquisition, quantization (digitization), storage of digital data in a
large memory/disc, retrieval of this data as well as signal processing

in real or processor time /78/.

6.2 Thermal imaging

Here, we concentrate on thermal imaging only., Thermal imaging depends on
the external detection of emitted infrared radiation from the object's
surface. The IR radiation thus detected gives information about the
surface temperature distribution as a2 function of the emissivity of the
surface {corresponding to & surface with a depth of about 1 mm and
with a spatial resclution of 1 mm, at IR wavelengths) /41/.

The picture displaying the temperature/isotherm distribution of the

surface is called a thermogram.

6.3 Infrared Thermegraphy sysrem

In our study of breast thermograms related to menstrual cycles we have
used the infrared scanning system AGA 782 (AGA., Sweden). This system
employs a cryogenically-cooled photon detector to cbrain a high quality
IR image with high immunity towards noise f41/., For scanning of the
object's surface, the principle of refractive scanning is employed.
Scanning is achieved by two silicon octogonal prisms, one rotating in
the horizontal plane o generate rhe line scan, and one rotating in the

vertical plane to generate the frame scan. The object field, which is

B



focussed on to the central plane of the horizontal scanning prism by a
germanium lens, is scanned by the AGA 782 system once every 40 ms,
generating 100.25 lines per fraze. A spatial resolution of 4Cl lines is
then realised by interlacing four frames, so that the total number of
resplvable elemental areas in the object field is scanned once every 160
ms. The optical system of the AGA 782 IRT system and the scanning format

are shown 1in Fig. 6.2a and Fig. 6.2b respectively /73/.
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Though the thermogram has 401 lines per image, the active image area is
only about 50% of the total area as shown in the Fig. 6.2b [the

horizontal time scen is 300 s and the active frame time is 30 ms].
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Ftg. 6.2b Display format and frama interlact
used 1n the ACA 782 IRT aquipment. " ochene

The composite video signal of the thermogram is shown in Fig. 6.3; it
includes the horizontal aynchronization signal (H), . the vertical

synchronization signal (V) as well as the direct-video aignal.

Composite video

Pirect video

Pig. 6.3 Compopita vides sigmal (input) and decoded
control aignals of owr ocomputer-asaisted thermography
{CAT) syatan.
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6.4 Limitations of the AGA 782 system

1, Thermograms obtained on the AGA monitor are too small [8cm x 8cm] for
visual monitoringf—hnd are net flicker—free.ﬁt@f

2. Thermograms represent the photon flux proportional te the third power
of temperature and so their units are non-linear. To read thermograms in
a linear temperature scale one has first to refer te the conversion
formula or to monograms supplied by the manufacturer.

3, Thermograms can be monitored only in black and white and the grading
is done in a 6 level grey scale. This limits both gquantitative
resolution and visual discrimipation of the thermal characteristics.

4. Thermograms obtained at different times cannot be easily correlated
with each other due to different control settings during the
experiment.

5. Thermal analysis of a dynamically changing process, has to be done
in real time; otherwise one has tc depend only on polarcid photos taken
during the experiment itself, for later wvisual inspection and

intetpretaticn.

6.5 Improvements needed in thermal imaging

1. For comparative study of a large number of thermograms (as in our

case), immediate need will be the computer storage of the thermegrams,

2. Easy retrieval of stored thermograms and display in a larger format,

preferably on a8 TV monitor.

3. Transformation of thermograms from non-linear isotherm units into a

linear temperature scale,

4, Normaiization of thermograms with respect to control settings to

enable quntitaive comparison of differeat thermograms.

5. Specific image analyzing features to suit the particular

requirements.

6. Conversion of black and white thermograms into pseudo-colour
thermogram to increase visual resclution and facilitate easier image

interpretation /79/.
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6.6 Computer-assisted thermography (CAT)

There are a few image processing systems availahle /74,75/ that are
compatible to AGA IRT equipment, However, they are very expensive and
even so, do not provide all the analysing features that we needed.
Therefore, we developed on our own a 'computer-assisted thermography
{CAT)' system to " swit our particular specifications for analysing
breast thermograms recorded on the video magnetic tape during the
experiment as explained in chapter 4. This system is based on the in-
house PDP-11/60 mini-computer and its peripheral device LAP-11 which has
a 16 bit I/0 port for data transfer /76/. The block schematic of the CAT
system is as shown 1 Fié. 6.4,

AT AD ] image X— POP~11
egquipnent I Converter memQary
Signal
decoder
VIR Control D/A ™
circuit converter)
+RCE

Fig. 6.4 Block diagram of our computer—assisted
thermography (CAT)system.

6.6a Development of CAT system specifications

1. Computer interfacing of the AGA 782 IRT equipment should be possible
both ON-line {field compatability) or OFF-line (video tape recorder
compatibility).

————— Use of the composite signal from the IRT equipment and then
generation of the horizontal (H)}, vertical (V) and direct-video signals

in the CAT system for further signal processing.

2. Temperature resolution: 256 levels in a given dynamic range.
————— 8 bit digital quantization of video signal.

3. Spatiel resolution: thermogram should have a minimum of 128 x 128
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pixels over the total image area (this is a compromise between the
desire for good spatial resclution and the need tc keep the memory
capacity/costs low)

————— this corresponds to [128 x 128} pixels/thermogram or, in other
words, each thermogram will have 16 kbytes [=128 x 128 xB) memory
capacity to provide the desired spatial and thermal resclution.

----- use of two-interlaced frames with 64 1lines/frame, with each

horizontal line represented by 12B pixels.

4. pseudo-colour thermegram with 16 pseudo-colours, expandable in

thermal scale.

----- suitable RG8 tristimulus signel generation as a function of signal

level and thermal range expansion.

5. Possibility to acquire an gnalog thermocgram frem the AGA
equipment/VIR, digitize , store in the intermediate memory and display
the digitized image on a TV monitor through software command.

=====suitable software and hardware development.

6., Transfer of digitized thermogram onto the computer mass storage for
later-on gnalysis,
————— suitable interface between the hardware of the CAT system and the

PDP-11/60 computer

7. Transfermation of thermograms fram non-linear isotherm units into a
linear temperature scale and normalization as needed for correlating/
comparing of images.

----- suitable software development.

8. Various analysing features suitable for breast thermogram analysis.

————— suitable software development.

6.7 System Hardware

The system hardware is relatively complex due to the different timings
that the specification calls for. We are in fact concerned with
digitization of IR video signal and the data storage in AGA timing,
trgnsfer of this data ontc the computer at the relativeiy slow processor
timing and conversion of data in the image memory into the TV format
video timing. The bleock schematic of such & hardware system is shown in

Fig. 6.5.
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Fig. 6.5 Baeic hardware block schematic of our CAT
system.

However, the system of Fig. 6.5 is limited ir use; it can in fact only
be used for thermogram analysis. To improve the CAT system's flexibility
and to make it compatible to accept images not only from the AGA IRT
equipment, but also from other systems, particularly from the video TV
format /77/, we have used the block schematic of Fig. 6.6 in our CAT
system hardware.

The signal decoder genetates horizontal (H), vertical (V} and direct-
video signals from the input IR composite video signal. Direct-video
signal thus generated is digitized in an B bit A4/D converter at the rate
of 400 KHz corresponding to 128 x 2.5 us (this corresponds to 312 us
active thermogram line scan) and stored in the buffer image memory (8IM)
of 16 Kbytes capacity, through selective address locations so as to
interlace the two frames of thermogram properly . FEach frame has
64 x 128 x 2.5 us (this corresponds to 20.48 ms for an active
thermogram), This is so chosen that only the active area of the
thermogram scanning format in the AGA equipment is digitized. The stored
data is read at proper timing corresponding to the TV standards and
written into the intermediate image memory (1IM). At the same time it is

converted into analog form to display the thermogrem on & TV moritor.
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Fig, 6.6 Modified harduare block schematic as used in our
CAT gystem.

Timing generator generates all the required timing signals.

rator generates the three tristimulus signals,

level, as

Thus

at the proper

RGB gene-

impedance

a function of data to produce the pseudo colour thermograms.

s there is a provision to visualize the thermograms either in black

and white {grey code) or in a 16 level pseudo-colour format. Table 6.1
shows the RGB signgl scheme of the CAT system.
Table 6.1 : Pseudo-colour assignment scheme in CAT system
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Communication between PDP-11/60 mini-computer and CAT system is done at
the level of intermediate image memory (IIM). Data transfer between POP
and JIM is done row by row to reduce the computer time, at a relatively
slow rate (2 KHz). When the CAT system is used for TV {format
digitization, the data transfer between digitizer and imape memory is
done at the high rate of 3 MHz. Thus, the modified scheme of CAT system
is useful both for video and non-video format signals.

Once the image is stored in the computer , the further analysis of the
image 15 now independent of the input image format; therefore the CAT
system can be used for different applications.

The detailed circuit diagrsm of the CAT system hardware and the
listings/descriptions of the associated software package for image

analysis are presented in the internal report of the institute /80/.

6,8 Imape processing software for CAT system

Image processing techniques have grown into a vast field in recent
years, Digital image processing (LIP) systems vary in their complexity
from simple algorithm implementations to very complex signal processing
packages /78/ '

The principle goal of the CAT system is to implement simple image
processing algorithms to suit the analysis of breast thermograms, with a
little bit of additional flexibility to suit other, future imaging
applications.

Throughout this chapter, images are represented in the form of a matrix

[A] with its elements as [ai j } in the form shown below:
CAD ={ag 4} [ (0,0) < ai,4<i127,127) ] (6.1)

where f a4 i } (0« a; j( 255) represent the grey levels of the referred
r ¥

pixel,

6.9 Image Processing features

Image processing features of CAT systems can be sub-divided into three
groups: 1. Communication control between CAT system hardware and PDP
computer; 2. Image acquisition and storage; 3. Pre-processing and
analysis of images.

A1l cthese 3 groups are included in the principal 'MENU' features for
selection of a particular mode by the operator. The 'MENU' of the CAT

system is as shown:
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MENU OF CAT

0., EXIT 1. CONTROL 2., ACQUISITION 3. STORE

4, LINEARIZE 5. DISPLAY 6. FILTERING 7. AREA STATISTICS
8. ISOTHERMS 9. ENHANCEMENT 10. X-Y PROFILE 11, HISTOGRAM

12. COMBINATION 13, ZOOM 14, X-Y ROLL 15. MULTIFLE IMAGE
16, MULTIPLE AREA ANALYSIS 17, LOW RESOLUTION PRINT

Each of these 'MENU' features is explained briefly (without going into

mathematical details) im the following sectien.
0, EXIT: This feature selects the termination of the programme.

1. CONTROL: Selection of this menu feature checks the communication
between CAT system and PDP computer, and displays the control format
image {linear grey image (Fig. 6.7a) or graded grey image (Fig. 6.7b)).

2. ACQUISITION: When the CAT system is connected either to the AGA 782
IRT equipment (ON-line) or to the video tape recorder in the play-back
mode (OFF-1ine), thermograms can be acquired with a seftware command.
With the selection of this menu feature the following steps are done:

a. acquired thermogram is digitized in an B bit A/D converter,

b. data is stored in the buffer image memory (BIM) at AGA timing,

c, data is transferred to the intermediate image memory (IIM) at video
timing,

d. data in IIM is reconverted into analog form at video timing,

e, acquired thermogram is displayed on & TV menitor either in black

and white grey code or in pseudo-color code (Fig, 6.7c).

3., STORE: With this menu feature, thermogram stored in 1IM is trans-
ferred into mass-storage of PDP computer and stored in the form of an

unformatted binary data image file.

4a. LINEARIZE: AGA 782 IRT equipment has a photon detector to detect
thermal radiation. Thus, thermogram displayed on AGA monitor is a non-
linear function of temperature, as already explained in sections 6.3 and
6.4,
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The mathematical equation given by the manufacturer /73/ describe the
isctherm vnits displayed, as a function of detection, system optics and

ambient temperature:

P
S S— 6.2
T = Sm - -2
vhere I = Isotherm units correspending to the temperature T in K.

P,Q = Aperture constants of the IRT camera
(P=552855 and Q = 2994 , as given by the manufacturer)

Evaluating eq. 6.2 for T in % yields eq. 6.3:

T =« —% L ons (6.3)
ln(f—%—g)
Following eq. 6.3, linearization of thermograms is done by our software
(Fig. 6.7d).

4b, NORMALIZATION: Thermograms registered at different times have
different control setups each time. Hence, the visuval comparison of
images is not straightforward. To make interpretation of IR images much
easier and more uniform, linearized images are normalized with respect
to a reference temperature observed at certain physiclogically less
sensitive skin surface areas (in our case normalization is done with
respect to the skin surface above the sternum).

The rormelization function can be written in the form :
(8] = m[Al +c (6.4)

where [A] is the originsl image, {B] is the new image, m is the thermal
range manipulation factor 2nd ¢ is a normalizing constant.

Fig. 6.7¢ shows a normalized version of Fig. 6.7d.

5. DISPLAY: With the selection of this menu feature, the data of a
selected thermogram in the computer image file is transferred into the
IIM and {further converted into a video anelog signal to display the
thermogram on the TV monitor. Display can be had either in grey code or
pseudo colour code. A further choice is given to reverse the grey scalé
to produce a negative image {inverted mode), whose visuval effect places
a different emphasis on certain picture details /84/. The algorithm used
is demonstrated in Fig. 6.8, The thermogram thus displayed has
grey/colour code bar and grid markers (4th and 16th grids for both rows
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and columns) superposed on the image for co-ordinate and thermal level

observation of the interested &rea {Fig. 6.7f).

255

{b; 4}= {255 - a; 4}

Fig. 6.8 Computer algorithm fer
inverted image diaplay

6, FILTERING: The filtering algorithm is generally used to improve the
image characteristics with respect to sharpening (of blurred images) and

smoothing of images (through noise reduction} /78/.

8. SHARPENING: Blurring is defined as the weakening of high spatial
frequencies {corresponds to inability of the detector to follow fast
input changes) relative to low spatial frequencies. This is due to
optical limitations and the media involved, Sharpening of blurred images

is generally done by using the Laplacian operator sz:

§2f 8%
2 =
Vef = W + —_Téy (6-5)

Here f corresponds to the prey acale value of the pixel considered. In
the digital version, o%f is proportional to (f - £), where [ is local
avearage of f /Bl/. By adding this derivative of grey level to the
original image, the high frequencies are enhanced and the low spatial

frequencies are unaffected: this deblurrs the original image {Fig. 6.7g)

b. SMOQTHING: Smoothing of iméges is done through noise reduction, based
on local-order gtatistics /78/. In our software, we have used an 'out-

range' noise cleaning algorithm as shown in Fig. 6.9.

d 8
1 - 1
If {E ai} E > X » E{{ai} + g
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Fig. 6.9 Bzample of 'out-ranga’ smoothing algorithm.
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With this technique, each pixel is sequentially examined and if the
magnitude of the pixel is greater or less than the average grey level of
its immediste neighbours by some threshold level, it is replaced by an
average value, Application of this algorithm is shawn in Fig. 6.7h
{smoothed image of 6.7d).

c. AVERAGING: If the imsge is clustered with high frequency noise
{zero-mean gaussian noise is generally always present), an improvement
in signal to noise ratio can be achieved by local averaging of each
pixel with its neighbours /84/. The computer algorithm used in our
software is shown in Fig. 6.10. The resulting action will be low pass
filtering of the image (Fig., 6.7h produces Fig.6.7i (for local averaging
over 3*3 pixels)}).

(Al [6]

e M Pae 19 l n | Mz M P
0 l"n % P2 1 j 9:21 Ii' bay P22 (80 e
% [ Rar {Ma [P n "2 M3 P

Fig. 6.10 Example of averaging algorithm.

d. HIGH PASS FILTERING: By subtracting the low pass filtered (averaged)
image from the original image an high pass filter algorithm cen be

obtained., In our study this algorithm is used to obtain the vascular

patterns of the breast as shown in Fig. 6.7j.

7. AREA STATISTICS: This menu feature calculates temperature statistics

to obtain minimuwm (Tmin)'_ maximum (Tmax) and mean (Tmean) values in a

selected area of the image. It also provides the spot temperature
n) at the selected co-ordinates {(m,n}. The area borders chosen, as
r

well as the full Thermogram are displayed on the TV monitor (Fig. 6.7k)

and the statistics are displayed on the terminal.
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i . T

Thin = Mln(ak'1)§§§ * Temin
k T

Tmax = Pm(akal)ﬁ + Tlmin
+

i {m,n) f fak.l T
Thean = §§§ * Timin
2%, Tr
To,n = —555 * Timin

where T, is thermal range and Ty, ,.is therral level

Fig. .11 Area statisties algorithm.

8. ISOTHERMS: With such a routine, all skin spots having a particular
temperature can generally be 'zoomed' into a predefined grey level: this
means that all these skin spots are assigned a grey level at the extreme
range of the scale, so that they can be easily identified on the image.
The algorithm used in our software is somewhat more complex. As shown in
Fig 6.7 it allows for two whole ranges of grey levels, i.e. THl (being
the thermal range between L1 and H]) and TH2 (being the thermal range
between L, and HZ) to be 'zoomed', each to one of the extreme grey
levels, i.e., to the black level (0) or the white 1level (255)
respectively.

To clearly distinguish between these 'zoomed' {or 'highlighted’) thermal

ranges TH1 and TH, and the rest of the image , all other grey levels are

2
at the same time compressed into the reduced range between Q and (P+Q)

as shown in Fig. 6.12.

a b
i 1,3
255 4 1258 p
\\.-.--:'-f'"’//“@ tby,3) =8y 5zeg + @1 i TH £ 3y 47 T
12 PN~
Ly F ~Ng {bs,3} = ¢ ; ag,5° THY
Hy b, @
TH P // {by,4} = 255 22y 4% THy
0 LTV 3]

Fig. £.12 Example of the algorithm used for depinition of
teotherm contours.

Fig. 6.71 shows a thermogram with two isotherm contours (P=200, =100,

L1=60, Hl=?0. L,=200 and H,=210).

2 2
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9. ENHANCEMENT: In medical imaging, enhancement generally refers to the
methoed of transforming the image grey scale to obtain statistically
equally distributed 1levels ; it is used with the purpose of better
fitting the image to the human eve /82/. This technique is useful as
long as one is interested only in the qualitative features of the image
/83/., However, in thermal imsging, one is interested alsoc in
quantitative analysis of the image and the above technique is therefore
not applicable.

In our case, enhancement refers only te contrast enhancement /84/, and
the elgorithm used in our softwere is as shown in Fig. 6,13: By this
algorithm temperature values lying in the range between Q and {P+Q) are

given higher thermal resoclution,

3,4 By, ;
255 Jess {bg,5b = fa; 4- 0 )'33—
”
P+ o ,f’
s ”
~. |7
TP
oK. Fig, 8.13 Ezample of contrast
el . enhancement algorithm.
- 0

In the enkanced image of Fig. 6.7m each colour represents 0.] € against
0.25 C in Fig. 6.7f.

10. X-Y PROFILE: This menu feature selects the computer algerithm to
plot temperature line profiles on selected X-Y axes. The profiles can be
monitored on TV monitor (Fig. 6.7n) along with a geometrically
compressed thermogram with the selected K-f axes superposed, or they can

be plotted on a paper for hard-copy reference.

11. HISTOGRAM: The histograem algorithm is used as a measure for deter-
mining the thermal asymmetry between two selected areas.: by selecting
row and column widths, two areas corresponding to two breasts are chosen
and the grey levels present in these two areas are distributed into 16
groups. The contents of these 16 groups are geometricelly distributed
over the selected row width, on a TV monitor as shown in Fig. 6.70.
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12. COMBINATION: This routine implements arithmetic functions. This
function is used in the comparative study of test images with respect to
an original image (images to be correlated should have the same
position)., With the selection of this menu festure, additiom, subtrac-

tion and other arithmetic manipulations between two images can be done,
The 'combinstion' algorithm used in our software follows the equation:
{di.j} = P'{ai'j}+ q'(bi'j} + C (6.6)

where (ai' ) and (bi,j) are the pixel values of the Lwo images to be
correlated at the peint (i,j), ¢ is a constant and d(i,j) is the
resultant pixel value in the new imege. p and q are thermal range
manipulation factors. Reslisation of the high-pass filtering function
is an example of this routine. The image of breast vascular patterns
shown in Fig.6.7j is reslised with p =1.0, q =-1.0 and c=30. [A] is the
original thermegram wmatrix (Fig.6.7e), [B] is the low-pass filtered
thermogram matrix (Fig.6.7i) and [DP] is the high-pass filtered

thermogram matrix.

13. Z00M: The zoom routine provides geometrical transformation of
images. A two dimensional geometrical transformation is defined by a

pair of equations of the form:
X' = hylx,y] and Y' = hy[x,y] (6.7)

which specify the new co-ordinates (x',y') as functions of the old ones
(x,y). Since these new co-ordinates are generally non-integer,
implementation of this algorithm by rounding of the co-crdinates,
produces & new image with some pixels not represented: In this cese, the

new image will have different statistics compered to the original one.

1213 |=[= rf1pz || {3] x| x
11213 x| = 111122 }3 |3fx| =

W I ETEIEAR] 1y 2l |33 = [B]
x| =[x | n]= 1 1 2] (3)x( x

Fig. 8.14 Ezample of zoom algorithm (magnification=2).
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However, for us it is essential that the pictorial statistics remain
unchanged. Therefore our Zoom routine magnifies the selected portion of
the image by integer horizontal and vertical factors. The computer
algorithm used is demonstrated in Fig. 6.14.

Fig., 6.7p shows a magnified (2 x) image of the left breast portion of
Fig.6.7e. .

14, X-Y ROLL: This routine reolls the image by a selected number of rows
and columns. This is useful in positioning of images for comparisan.
Using this routine along with the COMBINATION routine, an edge detection

operation can be realised. The equation used in this fumction is:
{by,5} = colay 5 - 839,31} - (25,4} (6.8)

Fig. 6.7q shows the result of the edge detection algorithm.

15. MULTIPLE IMAGE: This routine provides 4 images displayed together an
the TV monitor (with reduced spatial resolution} for simultaneous visual

analysis (Fig. 6.7r).

16. MULTIPLE AREA ANALYSIS: This routine is similar to the previously

described 'Area statistics' routine; however, it determines the mean

temperature (and not the statistical distribution) as a function of
area, It is vsed for determining the importence of the area involved in

DST measurement.

17. LOW_RESOLUTION PRINT: This routine generates a low resolution
picture of the thermogram by aSsigning an alphanumeric character of

appropriate visual density to each grey level. These characters can be
printed on a line-printer to form an hard copy of the image (of Ilow

resolution}.
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The coloured figures belonging to this chapter -
namely figs 6.7/6.17/6.22 - are included at the

end of this thesis.
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6.10 RESULTS OF COMPUTER-ASSISTED THERMOGRAM (CAT) ANALYSIS

{NOTE: coloured figures are included at the end of the thesis)

The experimental protocol used in the investigation study to  corelste
the breast thermograms with "the hormanal concentrations over the
menstrual cycle with 10 velunteers is explained in detail in chapter 4.
The breast thermograms recorded on a videa magnetic tape during these
experiments were transferred on ta the PDP 11/60 computer using our CAT
system hardware and software as explained in the previocus sections. The
stared menstrual cycle related breast thermogrems were snalysed with the
various 'menu features' in our software so as to extract the dynamic
temperature points, to study the degree of change in  dynamic
temperature, to make statistical analysis of temperature distributioens,
to find the effect aof the ares invelaved in temperature measurement as a
function of temperature sensitivity etc... The results based on this

computer-analysis of breast thermograms are summarized below.

8. Breast temperature:

Average breast temperature as a functien of menstrual cycle status has
been computed by Smith et al. /33/, by measuring the temperature at a
few points only on the breasts. With the application of CAT, we could
measure actual breast temperature by computing the spot temperatures
over all points on the breast. CAT-computed 0ormalized breast tempe-
rature Tbr is plotted ss a functiaon of the days of the menstrusl cycle
in Fig. 6.15. (The term 'normalized breast temperature' refers to
breast temperature computed for a breast thermogram normalized with
respect to temperature of sternum ). BBT data of the same volunteers is
also plotted for the purpase of camparisen.

The peak differential Tbr rise (Thr of one whole breast) occurs one ar
twe days before ovulation, indicating the appreaching oavulation.
Further, it is interestimg to note im Fig. 6.15 that there is no signi-
fieant rise in differential Tbr in the leutsl phase. Th;s result shows
that the rise in absclute bresst temperature computed by cther authers
/33/ is mainly due to the post-ovulatory rise of progesterone harmone
concentratian; it thus confirms their hypothesis that the 1lacal
vasomator effects due to estradiel are relatively less important in the

leutal phase.
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b. Spot DST measurement:

The average rise of differential breast temperatue Thr is only 1in the
order of 0.6 C te 0.8 C in the pre-evulatory period. However, with CAT,
we could localize more precisely the vascularly sensitive dynemic
temperature points and compute the differential temperature of these
puints with respect to the ‘static or reference temperature point (in our
case the sternum ); thereby we obtain a more significant temperature
peak before ovulatien, Fig. 6.16 shows CAT-computed DST as a function of
menstrual cycle days. The mean DST is obiained by averaging the data of
six volunteers over one menstrual cycle.

The area of measurement is (3 * 3} pixels corresponding to approximately
15mm * 15mm of area on the vascular region over the breast.

The changes of differential temperature for vescularly sensitive dynamic
temperature points can also be observed by means of X-Y profiles drawn
across such points. IRT images {for days -3, -1, 0, +1 and +3 counted
with respect to the day of LH surge: the latter is referraed to as day
0) of a volunteer with corresponding line profiles and a typical
isotherm distribution (between static and dynamic points) are shown in
Fig. 6.17.

c. Offset-DST measurement:

One can find many dynamic temperature points on the breasts. The degree
of chaenge in DST at different points so located vary as a function of
the depth and the distance of cutanecus bleood vessels from the point of
measurement on the skin surface as explained in chapter 5 /39,40/. We
measured the temperature at different dynamic peints (peints ‘a', 'b'
and 'c' shown in the Fig.6.18a). In order to make the variations of DST
clearly visible in a comparative way, we represent the measurements for
these 3 points in the form of '0ffser-DST' curves., We define 'Offset-
DST' as the difference between actuwal DST at the point measured gnd the
peak DST measured at the same point over the same cycle. Thus, all
'0ffset-DST' curves have their peaks at the same point. Fig. 6.18b
shows ‘'offser-DST' curves for the peints indicated, over a menstrual
cycle for one of the volunteers as an example., The ‘'Multiple area
analysis' routine of image processing software was used in computing DST

at different points.
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d, Area sensitivity:
involved in DST measurement is the area of the skin

the actual temperature
of . the static

Another wvariable

around the
The area covered in

dynamic point covered in
the measurement
The variation of DST values
is

surface

measurement .
temperature point is usually less critical,
a function of the measvrement area involved (in square pixels)
6.19, as a typical curve. Note that the larger the area

as
the lower the variation in DST. For ex: Tbr of

shown in Fig.

involved in meaurement,
whole breast (Fig. 6.15) has less variation compared to the variation in

spot DST (Fig. 6.16).
6.19 is of relevance in selecting the

The sensitivity curve of Fig.
thermometer for

size of contact sensors in the design of electronic

ovulation detection {see Chapter 7).
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e. Histogram:
Temperature "distribution over the bresst's skin surface can be quanti-

tatively

seen

by plotting this distribution as a

histogram.

We have

selected different areas all located concentrically around a vascularly

sensitive point (as shown in Fig. 6.20a),
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Histograms far each of these areas are shown in Fig. 6.20b. The data of
Fig. 6.20b can be represented in an alternative form as in Fig. 6.21:
Here we plot in function of the size of the concentiric area selected,
how much percentage of the totral surface does fall into a particular
temperature range.

The meean temperature of the whole selected concentric area is also

ploted in Fig. 6.21 (dashed curve).
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Fig. §6.21 Percentage of total surface falling tn a given
temperature range, and the mean temperature (T....) of the
total area as @ function of the area aize chosen (Fig.
6.20a} around a vaseularly-gensitive aynamic point.

f. Oral contraceptive users:
As explained in the chapter 4, we had a few oral contraceptive users in

our experimental study. Image analysis of breast thermograms of these

volunteers show very insignificant DST changes over the mensrual cycle.
Fig. 6.22 shows a set of IRT inages of an oral contraceptive user in the
middle part of the menstrual cycle, Due to normalization of images with
respect to the temperature of sternum, the relatively high absaglute
temperatures seen by thermametric mesurements do not show up in these

computer images.
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CHAPTER 7

Thie chapter presents the details of a digital thermometer
developed for measuring Dboth  absclute and differential

temperatures useful in biomedicail applications.



7. ELECTRONIC THERMOMETER

7.1 Introduction

A correlation between breast thermograms and hermonal concentratiens in
plasma, over the meastrual cycle has been established in the previous
chapters., 8ased on the analysis of breast thermograms, simple
differential skin temperature (DST) measurement between a ‘'dynamic'
temperature point and a 'static' temperature point has been shown to be
sufficient to estimate ovulation time /28,70-71,85-86/.

There are many types of electronic thermometers availble in the market
/87,88/ for bio-medical applications, replacing the conventionnal
mercury thermometer. The advantage of an electronic thermometer is its
faster measurement and its digital readout. However, in many situations
one needs differential temperature measurement aleng with absclute
temperafure measurement {for ex: routine fallow-up checking in cancer
therapy and vasomotor diceases). The 8BT and DST measurement for
ovulation detection also need absclute/differential temperature
measuring thermometer. Thermcmeters measuring both absolute and
differential temperature for bio-medical applications are not available
commercially at low cost /87/. Higher cost of electronic thermometer is
due to snalog circuits involved in the circuit design (ex., wheatstone
bridge foliowed by a pre-amplifier). For our field study, we developed a
simple all digital thermometer tc measure both abseclute and differential
temperature, We have called this thermometer 'FERTITHERM' to i{dentify
its principle application to fertility interval estimation with
temperature measurement. The circuir design is aimed at low cost and

suitability for integration into a single chip,

7.2 Thermometer specifications

Application: Biomedical field,
Range of tempersture: 25°C to 45°C
Accuracy of measurement: 0.1°C

Time constant: 30 seconds.
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7.3 Choice of sensor

The selection of sensor is very important with respect to temperature
sensitivity, linearity, precision and cost. Of the  various
possibilities, we considered semiconductor (diode and transistor),
Thermistor (NTC), RTD (platinum resistance), thermocouples and quartz
temperature sensors,

Table 7.1 provides the important characteristics of each of these

sensors in brief:

Tebie 7.1 : Suwamry of contact temerature sensors and thelr characteristics

Device , |rawsduction Linearity ., Sensistivity ., Preclsion, f{ost , Pererks

principle
Diode/ Semiconductor Linear in a Low, less 0.3%¢ Low Problem of drift,
Transistor V/] characteristics limited range than 1 mv/ € to be operated in
linear region.
Thermistor Resistance Easy to lime- High, upto 10% 0.05C Low Passive and repro-
(NTC) (negtive tempera-  arize in a change of resi- ducible characteristics

ture coefficient] limited range stivity/

RTD Resistance Linear High vi T High Linear characteristics
(platinmm {positive tempera-

resistance) ture coefficient)

couple

Thermo- Thermoeleciric Non-linear ftigh 0.3%¢ High keeds temperature
compensation
Quartz Pigzoelectric Linear Small 0.000 % High Not readily availble

for commgrcial use.

We chose the thermistor (NTC) for its high sensitivity, low cost and

reproducibility characteristics.

7.3a Charactrization of thermistor:

The resistance vs temperature characteristics of a thermistor are generally

written in the form /89/:

1 1 (7.1)
R, = Rto'exP(B'( T -'I-‘n))
where Rt = zero power resistance at T K (t°C + 273.15)
RtO = zero power resistance at T0 ¥ (tO°C + 273.13)

B = thermistor material constant.
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7.4 Linear thermistor resistance network design

Since the variation in the thermistor resistance with temperature is
exponential, as descrided by eq. 7.1, it is necessary to linearize the
'resistance vs temperature'’ characteristics in the interesting
temperature range. In our case, the thermal range considered is between
25°C and 45%. Thermistor manufscturers generally provide the normalized
resistance vs temperature characteristics and 'S' curves as shown in
Fig. 7.la and Fig. 7.1b /89/.

one ___H'IHHHNHHHH
N vy, yasgrenes
e
c‘zI K"':.' . U ””
o . i Lfi i
s e L I
b h THITH o
! \ :% . wa
it
R
¥ it I [H 0
0.000 HHHH\!IH|||HH ;

L -] =0 0
Temperature {°C)

Fig. 7.la Nominal resistance of a thermistor a3 @
Tunction of temperature

" The linearized thermistor resistance network will be in the form shown
in Fig. 7.2. Here R has to be suitably chosen to obtain good linearity
characteristics va temperature for the network /89/. The 'S' curves
(S= R /R ) shown in Fig. 7.1b can be used to obtain the best value of

R for a spec1fled thrmistor for a good linearity in the specified range.
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Fig. 7.1b 'S’ curves of thermistor as supplied by the
manufacturer /88/.

We hgve choosen a Philips thermistor of type 'NIC 2322 624 22103' with
4,52 change/®. For the range beteen 25°C and 45°C, 'S' value of 2.5

grovides a good linearity. From Fig. 7.1b, we have & slope of the curve:

-R(F(45) - F(25)) __ 0.195R_
20 20

-0.00975R 4/9C (7.2)

To obtain -40K/°C, R = 40/0.00975 = 4102 2,

Since 5= 2.5, R = 2,5x4102= 10255 Q, So, we have choosen 10 k thermi-
stor at 25°C. The eguivalent (Reqv//R) resistance at 25°C is 2.9 kii. To
obtain the desired resistance value of 3.9 k§ at 25°C for the linearized

network, & series resistor Rs of 1 k§l is added. So Rcff= Rs + Reqv.

I\
O—ApN— +—FRoqy —» 02

R
AMA

eff o

Fig. 7.2 Linear thermistor resistance netuork.

— R
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Fig. 7.3 shows original thermistor characteristics and that of linear

network designed above with R_ = 1.0 k.

1.0
Roff
] 0.8 Reff 25
3
0.6
b
T
N Fr
= 0.4
= Y- Ry (25)
E
Q
=
0.2}
G } | [ ! {
25 30 35 30 45 50 55

Temperature {9C)

Fig. 7.3 Normaltized  resistance V8. temperature
charcteristics of the thermistor (Rr) and of a linearized
network (B eel.

7.5 Desipgn of the thermometer circuit

With the goal of realizing an all-digital thermometer, we effected the
temperature to electrical signal conversion through a resistance~
contrelled pulse width modulator; here, the change in thermistor's
resistance 1is converted into proportional pulse width., This 1is done

using a monostable multivibrator. The bleck schematic of the thermometer

circuit is as shown in Fig. 7.4,

A O

B o= yidth generator 7 segment decode

Resistance 3x Latch and
controlled pulse' Decade counter =$'

h

Timing . Logic
Generator contrel

DISPLAY

Fig. 7.4 Block diagram of o absolute/differential
digital TFPERTITHERM' thermometer.,
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Since we are interested in measuring both absolute and differential
temperatures, we designed o¢ur circuit basically to function in the
differential mode, When an absolute temperature measurement is desired,

one input is referred to ground reference (zero volts).

7.5a Principle of operation:

A pulse width proportional to the temperature, controls the number of
clock pulses to be counted in a counter. Switching between UP-count and
DOWN-count over one clock period generstes a digital value corresponding
to the resultant temperarure at the end of a cycle; this value is
displayed on a digital read-out. Inhibiting the DOWN-count operstion
provides an absolute temperature and UP/DOWN counting provides a
differential temperature. The display is upgraded every 20 ms. So, this
period of 20 ms has to cover two measurement cycles {one corresponding
to UP and the other to DOWN counting), storage and dispiay, and the
counter clear cvcle. This corresponds to 5 ms/operation. If we have to
measure 50°C in 5 ms, with 0.1°C resolution, we need 500 counts/5 ms or
a 100 KHz clock.

The linesrized thermistor resistance network is so chosen, in
conjunction with a low temperature coeficient capacitor, that a pulse

width of 100 us/°C is obtained as the output of monostable circuit.

7.6 Detailed circuit description

Fig. 7.5 shows the complete circuit diagram of the thermometer
'FERTITHERM'. The quartz-controlled master oscilator {CD4060) generates
a 2.048 MHz, stable frequency. With a suitable divider chain {CD4060 and
C04040) a rime base of 5 ms count period is generated. Measurement and
display functions are completed in &4 such count pericds. The monostable
multivibrator (MM74c121) with & thermistor sensor 'A' in its RC network
outputs a pulse width (Qh) proportional to the temperature sensed by the
sensor 'A'. The first count period is gated with Qh to start UP-counting
of input clock pulses (iDO kHz) during Qh' The 3 decade counters
(MM74c192) count the input clock pulses; the contents after the end of
Qh stay unchanged until the next count command.

The second monostable muitivibrator (MM74ci2l) outputs a puise width
(Ql) proportional to the temperature sensed by sensor '8'. The second
count periced is gated with Q1 to command DOWN-counting of the input
c¢lock pulses during Ql' The contents of the counters at the end of the
second count period represent the differential temperature measured with

sensors 'A' and 'B'.
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If the DOWN-counting is inhibited during the second count pericd, the
contents cof the counters represent the absolute temperature measured
with sensor 'A'.

During the third count period, data is stored and converted into 7
segment code (CD4542) to drive LCD display (ldelec type: LC513031-300-
1511}, During the fourth count period of the time base, the counters are
reset to '0', to restart the measuremznt cycle once again.

The overflow from the counters drives a sign indicator, to displsy the
sense of the differential temperature measured with respect ta sensor
A, i.e: (T B) A logic circuit is provided to inhibit the clock
pulses in the absence of the input sensor probe or if the measurement
corresponds to a temperature of more Lhan s0°C. A two-way, two-pole
switch controls the power and measurement mode., The waveforms related tc
above ¢ircuit are shown in Fig. 7.6. The complete hardware circuit is
enclosed in a hand-held enclosure.

If the battery power is not swfficient for proper functioning cof the
circuit, an indicator on the LCD display warns the user, so that the
battery can be replaced with a new one.

The thermometer functions with a stsndard 9 Volt battery.

Fig. 7.6 Timing diagram of the thermomter circuit.
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The data obtained from these two volunteers shaws that DST peaks in the
middle part of the menstrual cycle as expected. However, they also have
other peaks over the menstrual cycle. It is very difficult to draw
definite conclusions based on only four such pluts. However, we can
foresee the problems yet unsolved for relisble application of DST
measurement for estimating the fertile interval of the menstrual cycle
in the home environment. The disturbances appearing in the above chart
may be due to: the shift involved involved in locating the actual paints
of measurement, measurements done in & condition of thermal non-
equilibrium, messurements done at different timings of the day and

disturbing ambient conditions,

7.8 Discussion

The simple all-digital thermometer for biomedical applications will be
useful not only for BBT and DST measurements, but also for other routine
medical checkups. The performance of FERTITHERM thermometer has been
tested for its repestability and precision. The resclution of 0.1% in
the range of 25°C and 45 is obtained with interchangable sensors.
Precision and repeatability within 0.1°C is recorded with measurements
done over 3 hours. The circuic could further be simplified with a single
chip MK 50395 from MOSTEK company which has 6 decsde counters and an
inbuilt display decoder. Only & timing genearator &nd dual multi-
vibrators as shown in our circoit design would have to be added.

FERTITHRM, however, has the disadvantage of & relatively high time
constant of 30 seconds because of thermal mass of the sensor and the
time constant of the thermistor itself. Further, a contact thermometer
slways disturbs the skin tempersture to some extent, thus disturbing the
thermal equilibrium over a considerable time: Therefore, & contect
thermometer generally needs more then a minute's time for reading &
stable temperature. The problems of large time constant and disturbance
to skin thermal state by contmct sensors can be avoided with non-contact
temperature sensing (radiation sensing). Based on the principle of DST
measurement 'ELTEC Instruments SA' (Neugutstrasse &, 8304 Zurich,
Switzerland) has developed & non-contact thermemeter with pyroelectric
sensors. The performance measurements of this 'ovulation detector' is

yet to be done.
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Conclusions



8. CONCLUSIONS

The relationship between the human reproduction and the menstrual cycle
of a woman has been known since a very long time. Over the time, several
methods of birth contrel, starting from primitive methods of
contraception to highly reliable oral contraceptive metheds have been
developed. However, most of these methods are associated with aesthetic
problems, technical difficnlties or numerous side-effects to the human
biological system, Therefore, a strong interest remains in natural
birth cantrol and in methods of ovulation detection.

There appear to be many possibilities like: mucus viscosity measurement,
bio-potential measurement, hormonal analysis with solid-state sensors,
temperature measurement, etc... However, all these measurements except
temperature measurement involve complicated technical solutions or
appear only as long term sclutions., Therefore, we chose temperature as a
parameter to continue our investigation and to develop a suitable methad
for estimating the ovulation time in advance.

The estradiol hormone being the principle hormone reaching its peak
concentration in plasma before the ovulation, our intereét wes focussed
around the effects of estradicl on the skin temperature. The estradiol
hormone has the property of increasing blooed flow {vascularity) in the
genetic target organs like breasts and vagina. Based on this property of
estradiol hormone, we proposed here, the temperature difference measure-
ment between & vascularly-sensitive dynamic point and vascolarly-
insensitive static point on the breast's skin surface. Following this
hypothesis of "differential skin surface temperature {(DST)" measurement
to estimate the ovulation time, a detailed study was done dnvolving:
clinical tests using infrared thermographic imaging of breasts over the
menstrual cycle, mathematical modeling to explain the thermal aspects of
the breasts, computer-assisted image analysis of thermcgrams and design
and development of sbsolute/differential thermometer.

The results of this work show the validity of our hypothesis, when
measurements were done in a basal thermal equilibrium econdition.
However, the number of volunteers being limited (15 volunteers only),
the data obtained and statistics thereon may or may not be a true
representation of a large population. So, there is a need to continue

this investigation with a large naumber of volunteers, before
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generalizing the hypothesis and before a commercial development of the
DST method. Further, limited date obteined from some volunteers in =
home  environment reflect the problems involved in correct  DST
measurement with respect to localization of exact points, time of
measurement, basal condition requirement, etc... Thus the present work
has opened up new problems for investigation in humen  thermal
physiology, and in particular as related to the menstrual cycle of a
woman .

The problem of estimating the ovulation time in advance by & simple,
non-invasive method for natural birth contrel through  periodic
abstinence cannot be fulfilled by the DST method. But DST can play an
impartant role im solving infertility problems, &s it provides the
indication of forthcoming ovulation almest ene day in  advance,
synchronously with that of the LH surge. Combining DST measurement with
basal body temperature (BBT) measurement can provide higher reliability
in determining the post-cvulatory infertile phase.

Further improvement in DST measurement can be expected with the use of
non-contact temperature sensors with possible scanning for locating the
dynamic temperature peints automatically. However, this solution may not
work out for economic reasoens. Another possibility is to develop an
array of silicon sensors in the form of & flexible film and multiplexed
temperature measurement to localize the dynamic temperature points.
This latter solution appears to be feasible with present-day technology.
Further, this solution will also be useful in screening benign cancer

patients and in the treatment of hyperthermia.
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APPENDIX B

Formulae nsed io the atatiatical analyaia of data

The number of samples to be analysed being less than 30, "student's" t
distribution is more appropriate in the statistical analysis and tests
of significance. .

The formulae used in the statistical analysis of data abtained from the

volunteers are:

Mean = —_— = X

Standard deviation = JI(Xi - ?)E/N = Sy

N _ -
X - X)(Y; - Y)/N
Correlation coefficient = iy ALE )]

S Sy =
Standard error mean = -S-’_‘.—- = SEM
N
N = N] = N2

vhere Xi and Yi are data from the populstion sample group X and Y,
N1 and Nz are number of samples in group X and Y respectively.

1n calculating the significance of the data, "t" score is first
calculated and then from the tables /90/ of “student's" t distibution,
the coanfidence limit is read-out, for a particular degree of freedom.

The number of degrees of freedom = (Nl +N2 =2}

I-Y
57(1”;1 + 1/Ng)

-y o Y
where Su\/ml Sy _* N2sy )
Ny + NZ -2

"t" acare = T =
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