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Summary

The ability to measure ocular surface temperature (OST) with thermal imaging
offers potential insight into ocular physiology that has been acknowledged in the
literature. However, previous technology using cooled detectors has limited the
application due to restricted spatial and temporal resolution. The ocular surface
has dynamic thermal properties due to the tear film, and therefore static
measurements provide limited information: the thermal gradients across the eye'’s
surface are small and ever-changing with each blink.

The TH7102MX thermo-camera (NEC San-ei, Japan) continuously records
dynamic information about OST without sacrificing spatial resolution. Using
purpose-designed image analysis software, it was possible to select and quantify
the principal components of absolute temperature values and the magnitude plus
rate of temperature change that followed blinking. The technique was examined for
repeatability, reproducibility and the effects of extrinsic factors: a suitable
experimental protocol was thus developed.

The precise source of the measured thermal radiation has previously been subject
to dispute: in this thesis, the results of a study examining the relationships between
physical parameters of the anterior eye and OST, confirmed a principal role for the
tear film in OST.

The dynamic changes in OST were studied in a large group of young subjects:
quantifying the post-blink changes in temperature with time also established a role
for tear flow dynamics in OST.

Using dynamic thermography, the effects of hydrogel contact lens wear on OST
were investigated: a model eye for in vitro work, and both neophyte and adapted
contact lens wearers for in vivo studies. Significantly greater OST was observed in
contact lens wearers, particularly with silicone hydrogel lenses compared to
etafilcon A, and tended to be greatest when lenses had been worn continuously.
This finding is important to understanding the ocular response to contact lens wear.

In a group of normal subjects, dynamic thermography appeared to measure the
ocular response to the application of artificial tear drops: this may prove to be a
significant research and clinical tool.

Key words:  Temperature, ocular, contact lens, tear film, artificial tears
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CHAPTER 1

INTRODUCTION & LITERATURE REVIEW

1.1 Evolution in the measurement of body temperature
1.2 Development of infrared imaging in medicine

1.3 Thermometry and the eye

1.4 Typical ocular surface temperature (OST)

1.5 Factors that influence OST

1.6 Summary

1.7 Aims of this thesis

The ability to measure the temperature of ocular structures has potential
importance in research (Yang and Yang, 1992; Jones, 1998) and ultimately, clinical
situations, including ocular physiology (Raflo et al., 1982; Craig et al., 2000),
pathology (Keeney and Guibor, 1970; Morgan et al., 1999), ocular blood flow
(Auker et al., 1982; Gugleta et al., 1999), contact lenses (Hill and Leighton, 1965a,
1965b; Fatt and Chaston, 1980), and tear film assessment (Morgan et al., 1995;
Mori et al., 1997). Measurement of eye temperature has been a technology-driven
area of research, most recently with the development of non-contact methods of

ocular temperature measurement.

1.1 Evolution in the measurement of body temperature

Heat, as a property of the human body, has been of interest to scientists
and clinicians for over two thousand years: in 400BC, the Greek physician,
Hippocrates wrote, “In whatever part of the body excess of heat or cold is felt, the
disease is there to be discovered” (Adams, 1939). Temperature is one of the
fundamental parameters of tissue metabolism: all metabolic events within the body
produce heat and the heat must be dissipated. Heat is transferred to the body
surface by conduction and convection (principally through the vascular system),
and radiated to the surrounding environment. Hippocrates was also possibly the
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first clinician to obtain a thermal image or ‘thermogram': he covered a patient's
thorax in an earth soaked cloth and the area that dried most quickly was
considered the diseased tissue, as it indicated a warmer region (Otsuka and
Togawa, 1997).

Ancient civilizations did not attempt to quantify temperature in anything other
than a relative way: the technique of using hands to assess temperature remained
until the 17" century (Table 1.1).

Aston University

lustration rem oved for copyright restrictions

Table 1.1
Early methods of temperature measurement (after Ring, 1998)

Around 1600, Galileo, the Italian physicist, made a thermoscope made from
a glass tube. In 1720, Fahrenheit sealed a similar tube and fixed the scale with the
lower point at 0°F, represented by ice water with salt and the higher point at 212 °
F, represented by boiling water. Universally, it is the decimal scale attributed to
Celsius (1742) that is used where water boils at 100°C and ice melts at 0°C.
Interestingly, it was actually Linnaeus (1750) who set the scale this way — Celsius
originally designed it in reverse. Professor Carl Wunderlich advanced the use of
thermometry in medicine in 1868 with the design of the present day clinical
thermometer — mercury in a narrow glass tube, with a kink in the vacuum bore to
prevent the mercury running back unless shaken, and a narrow temperature range
of 95-105°F. The mercury thermometer has remained the device of choice for
temperature measurement throughout the world. However, in ‘developed’
countries, it is gradually being replaced by thermocouples and radiometers for
middle ear temperature measurement, due to concerns about mercury poisoning

and sterility (Ring, 1998).
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Another contact method of temperature measurement is liquid crystal
thermography. Lehmann invented the technique in 1877, when he discovered that
some cholesteric esters react to temperature changes by changing colour. 100
years later technology enabled the crystals to be encapsulated into plastic or

rubber sheets and applied to the body, resulting in a colour-coded image or
thermograph. Clinical use is limited due to its:

o low thermal resolution (+0.5°C)

o low spatial resolution (+5mm)

o slow response time (>60 sec)

o limited lifespan of the sheets

o subjectivity of interpreting results

o influence on the temperature being measured due to surface contact
(Anbar, 1998)

Liquid crystal thermography has largely been abandoned apart from the
Feverscan® forehead thermometer for children.

All these methods rely on contact between device and subject, thereby
measuring conducted heat. Non-contact methods include detecting heat
convection using Schlerian photography — imaging of the currents surrounding the
body, used mainly in the study of insulated clothing (Ring, 1998). Measuring
radiated heat is the main method of non-contact temperature measurement (Figure
11}

[MEASURING HEAT]

1 1
[SURFACETEMPERATUREJ [ RADIATION J

r
Thermometer | | Liquid crystal Bolometer Infrared
thermography thermography
Figure 1.1

Summary of methods of body temperature measurement
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1.2 Development of infrared imaging in medicine

The major advances in temperature measurement over the past forty years
have been in detecting radiated heat from the body surface. As a non-contact
technique, there are some obvious advantages:

> less invasive; more patient-friendly
> potential to be more accurate due to its passive nature
» ability to measure temperature over an area rather than at a single point

(this would tend to compensate for local variations in capillary tone)

Radiated heat from the human body is not visible, being part of the infrared
region of the electromagnetic spectrum (Figure 2). Astronomer William Herschel
discovered infrared radiation in 1800 — he was attempting to determine the heat of
different parts of the visible spectrum and discovered that the highest temperature
actually fell beyond the red. He went on to show that infrared radiation behaved in
a similar way to visible light, in that it could be reflected and refracted. His son, Sir
John Herschel recorded infrared radiation by creating an evapograph image using
a carbon suspension in alcohol. He called this image a ‘thermogram’. Infrared

wavelengths range from 75-100,000 x 10%cm (0.75micron to 1mm; Figure 1.2).

Frequency, Hz
10 1?2 10 10° 10®° 10° 107 10" 10" 10® 10 10% 1|02“ 11025
1 M 1 N 1 : 1 " 1 i 1 " 1 P [ i

I S |[Eo== S P |
1 T L

1 KHz 1 M

X rays
Microwaves
aM §E T
FM, TV el Gamma rays
Radio waves i
Infrared
1 pm
"'_F'I'II'l'.l.l'-;'l'l:‘l'.f'l'l'l_
10* 10° 10* 1?2 10 102 10* 10% 10% 10" 10% 0™ 107
Wavelength, m

Figure 1.2
The electromagnetic spectrum
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Infrared radiation is produced by the motion of atoms and molecules - the
hotter an object the more the atoms move, and the more radiation is produced. All
objects with a temperature above absolute zero emit infrared radiation from their
surface. As the temperature rises, the wavelengths emitted shift towards shorter

values, towards visible light, where an object will eventually glow ‘red’ or be ‘white-
hot'.

19" century scientists went on to define the relationship between the
temperature of the object and the infrared radiation emitted using black body
principles: when a body at a given temperature radiates energy from its surface,
the condition and the colour of the surface are indicative of emitted temperature - a
silver, shiny object will absorb less energy than a matt, black surface. An object
that is a good emitter must also be a good absorber, otherwise it would eventually
radiate all its energy and reach absolute zero - an example of this is the wearing of
black clothing in hot climates to keep cool.

The definition of a ‘black body’ is one that radiates the maximum possible
energy at a certain temperature - a perfect radiator, (and also, therefore, a perfect
absorber due to thermal equilibrium). In practical terms, it consists of a cavity in the
form of a hollow sphere, the inside of which is matt black. This is the standard to
which all other surfaces are compared and Planck’s Law defines the spectral
distribution of radiation from a black body. All ordinary bodies will fall short of this
ideal, including skin and the ocular surface, so a correction factor is applied called
the emissivity of the object/body. The emissivity is defined as the ratio of radiation
from the body concerned, compared to the radiation from a perfect black body at
the same temperature, and will always be less than 1.

The Stefan-Boltzmann law defines the relationship between radiated energy
and temperature by stating that the total radiation emitted by an object is directly
proportional to the object’s area and emissivity and the fourth power of its absolute
temperature, i.e. if the radiation and emissivity of an object is known then the
temperature can be calculated (Lindsay, 1971; Jones, 1988).

Technological innovations of the 20" century allowed progress beyond the
theoretical stages. Hardy devised one of the first infrared detectors for skin
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temperature measurement (Hardy, 1934), but the important advances in infrared
imaging were made by military scientists for use in surveillance, night-vision
devices, heat-seeking missiles, etc. When American and British governments in
the 1950s declassified the principles behind their technology, medical scientists
began to investigate their potential application in body temperature measurement.
Research in the 1950’s and 60’s adapted these ex-military prototypes for clinical
use in neurology, surgery, oncology, dentistry and dermatology. For instance, in
the UK, medical scientists used an ex-military system to image patients with
arthritis as early as 1959 (Ring, 1998), whilst others examined patients with
tumours, cysts and vascular disease (Lloyd Williams et al., 1960). However,
although the potential of this non-invasive technique was acknowledged at the
time, infrared cameras were inadequate, leading to some early work in the field
being discredited (Diakides, 1998). The technology at that time was limited by:

o Poor spatial resolution, typically 128 x 128 pixels

o Limited thermal resolution

o Slow scanning times, often requiring 4 seconds or more, further reducing
spatial and thermal resolution

o Calibration difficulties; lack of standardized black bodies

o Inappropriate choice of detector material - cameras using InSb (Indium
Antomide) detect in the range 3-5 micron, but in this region skin is less like a
perfect radiator and reflects 10-15% (Anbar, 1998)

In the 1990’s space exploration and astronomical observations held major
objectives for infrared imaging, resulting in the development of high-performance
infrared detection systems, now used in many industries.

A typical infrared-measuring device consists of a system for collecting
radiation from a defined field-of-view: in practice this is a coated lens system
(Germanium) designed to allow a specific portion of the infrared spectrum to pass
through to a photo-sensitive detector material. The detector converts the infrared
energy into a measurable voltage, current or resistance. The detectors spectral

sensitivity in combination with that of the optical system determines the system’s
22



spectral response. Three types of detectors commonly used are photon (release
electrical energy in response to incident radiation), pyroelectric (respond to
changes in incident radiation and require ‘choppers’ to modulate incident radiation
and maximise sensitivity) and thermovoltaic (provide a voltage in response to
incident radiation). First generation systems used a scanning system of detectors,
but the latest generation use a focal plane array which not only gives improved
performance and facilitates digital output, but does not require cooling by liquid
nitrogen. An amplifier increases the level of detector signal for subsequent
processing, and then electronic circuits process the measured data via computer
software. All infrared detectors need to be calibrated against a known perfect
radiator (a black body): early models needed an external source to do this, but the
latest instruments are self-calibrating. Early devices commonly displayed the signal
from the detector as a reading on a dial (bolometer or radiometer), but image
processing is now widely used to display a thermal picture on a monitor: termed
thermography. These features have been integrated into high-performance IR
systems, with typical specifications:

e thermal resolutions of 0.1°C;

e accuracy of £2%;

e images of 256 x 256 pixels or greater,

o frame refresh rates of >10Hz;

e spatial resolutions of up to 50um

» self-calibration to black body standards

e spectral ranges of 8-14pm (thereby reducing the effect of reflected solar

radiation)

Medical thermography has a large bibliography (Jones, 1998) and the
technique has been used to investigate a wide variety of conditions. Much of its
medical use is based on the detection of angiogenesis in tumours, and
abnormalities in blood flow to inflamed areas. An understanding of the mechanism
of thermal behaviour is key to the optimal use of thermal imaging in clinical
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diseases (Ring, 1998), oncology (especially breast cancer (Keyserling et al., 1998),
dentistry (Hussey et al., 1997; McCullagh et al., 1997; Gratt and Anbar, 1998) and
ophthalmology (Raflo et al., 1982).

In abnormalities of the female breast, malignant tumours tend to be warmer
than benign tumours due to increased metabolism and vascular changes
surrounding the tumour, and the technique has been recommended as a useful
adjunct to mammography (Keyserling et al., 1998). It has had FDA approval since
1982, and studies have demonstrated high sensitivity and specificity (Nyirjesy and
Ayme, 1986).

Aston University

ustration removed for copyright restrictions

In peripheral vascular disease, it has been suggested that the ideal
investigative pathway for deep vein thrombosis should thermography prior to
ultrasonography, as it is non-invasive, risk-free and quick (Harding, 1998).
Thermography has also been used to investigate the effects of smoking on
peripheral vasoconstriction (Fushimi et al., 1998).

In musculoskeletal disease, thermography is able to distinguish between
deep inflammation and more cutaneous involvement in arthritis (Ring, 1998).

Aston University

llustration removed for copyright restrictions

(Photos taken from www.meditherm.com)

In dentistry, thermography has been used to assess the frictional heat effect
during various treatments (Hussey et al., 1997: McCullagh et al., 1997), and to aid
understanding of oral-facial pain (Gratt and Anbar, 1998).
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Body temperature measurements require knowledge of the emissive
properties of the surface being examined. It has been established by different
groups of workers that the surface of the skin (irrespective of colour) is an efficient
radiator and approximates to a black body with an emissivity of 0.98+0.19
(Steketee, 1973). Skin temperature is normally maintained within the range 25-
35°C (around 300K), and over this range emission occurs between 2 and 50um
with maximum emission of 9-10um (Figure 3). It has also been shown (Steketee,
1973b) that infrared radiation from deeper tissues is not transmitted for

wavelengths greater than 1.2 microns, or vessels deeper than 7mm (Jones, 1988).

Blackbody Radiation
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Figure 1.3

Emission spectrum of a black body at various temperatures

There is evidence of increasing use of dynamic infrared thermography in
medicine which is a more powerful clinical tool than thermal imaging at a single
time (Anbar, 1994). For example, sensitivity can be increased by the use of cold

stress techniques applied to the female breast: the thermal recovery pattern can be
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time (Anbar, 1994). For example, sensitivity can be increased by the use of cold
stress techniques applied to the female breast: the thermal recovery pattern can be

seen dynamically when the stress is removed (Ohashi and Uchida, 2000). This
information appears more useful to the clinician.

Applications for thermography outside medicine include quality assurance,
plant maintenance, automotive, aviation, chemical, civil engineering and

construction industries, as well as research and development.
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1.3 Thermometry and the Eye

As one might expect, the developments in ocular thermometry have

reflected the general advances in temperature measurement.

1.3.1 Contact methods of ocular thermometry

The first one hundred years of labours surrounding ocular temperature

measurement using contact techniques are summarised in Table 1.2.

YEAR

1965a, 1965b)

contact lens

AUTHOR(S) METHODOLOGY EYE TEMP ('C)/ FINDINGS
Specially adapted glass mercury

N thermometer placed in conjunctival
1875 Rohnberg sac. Observed higher temperatures 86:5-36.7 (noim)

in acute iritis.

. A Mercury thermometer in normal and 36.4 (normal)
1677° | eakeonski inflamed eyes. 36.9-37.1 (inflamed)
1893* sil Thermo-element in the inferior fornix. 35.55 (normal)

o Temps in acute iritis higher. +1.56 in iritis

. s : ; |

1894* Giese Thermo-element in the inferior fornix 3%87 21 g(n(?r'.;g:; )
35.65 (normal

1900* Hertel Mercury thermometer 36.95( (irtis) )

% Compared eye temperature with oral 0.3-0.4°C lower than oral
1912 Howe temperature temperature

: " 0.2mm & 1.0mm thickness of thermo-

1942 Kirisawa element in conjunctiva 36.34 & 34.50
(Holmberg, 0.2mm thermo-element in 2.5°C lower than oral
1904 1952) conjunctiva temperature
Observations of ocular
1950** | Stoll & Hardy Contact method temperature
Observations of ocular
1952** Braendstrup Contact temperature
hwartz & Observations of ocular
1962+ | °° Feller Contact temperature
ill and . Observations of chan_ges
1965 Ifzilghton. Thermistor attached to scleral in tear film temp behind

scleral lens
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Thermistor in hypodermic needle
inserted in eyes of rabbits

Demonstrated ocular
gradients in rabbits

Thermistor in glass probe placed
directly
on anaesthetized cornea

Observations of corneal
sensitivity at low temps.

Thermistor in metallic probe inserted
into agar jelly and rabbit eyes

Demonstrated the errors
that can arise when using a
metallic probe.

Thermistor inserted into rabbit eyes
to measure surface and intra-
corneal temperature

Observations of effect
of environment on eye
temperature in rabbits

Liquid crystal layer in scleral contact
lens
which is heat-sensitive

Measurements of surface
temperature

Thermistor probe placed on cornea

Corneal surface
temperature in normals and
in eye disease

Fine-wire thermocouple inserted into
rabbit eyes

Exploring sources of error
in this contact method

Flat, circular thermistor probe

Scleral & conjunctival
temperature assessed as a
measure of choroidal blood

flow

Thermistors embedded in a ring to sit
in palpebral aperture

Measured oxygen tension
and temperature of the
upper palpebral conjunctiva

Thermistors sandwiched between
soft contact lenses

Observed small increases
behind the contact lenses

1965 (Sﬁg‘gg)ﬂz-
1970 | (Kolstad, 1970)
1872 For(er&tl:r??gn)
tra | Cramenan:
1973 (Kinn1 g?g)Tell,
1975 | (Horven, 1975)
e | Pl
1982 (A“';gggg -
1985 Sv&gglr?:yr: ?Sgs)
1986 (Marti?g%réc)j Fatt,
Table 1.2

Contact methods of ocular thermometry
*recorded by Holmberg (Holmberg, 1952)
**cited by Mapstone (Mapstone, 1968a)

probably due to a combination of the differing methods employed, which part of the
eye was examined, whether anaesthetic was employed and the surrounding

environment. These contact, sometimes invasive techniques have some obvious

disadvantages:

1)

The results amongst the contact studies demonstrate large variance;

Contact lens methods (Hill and Leighton, 19653, 1965b; Kinn and Tell, 1973)

are clearly not representative of the ocular surface in air, and complex modelling

would be required to determine any correction factors. The colour responses from

28




Kinn & Tell's liquid crystal lens device were also difficult to interpret, mostly due to
poor resolution.

2) Where the cornea is perforated, the work is obviously limited to animals, and
even if with minimal contact, there is a possibility of trauma,

3) The use of topical anaesthetics influences the temperature recorded due to
the temperature of the drug itself and the reflex tearing its instillation induces.

4) With any probes containing a thermistor, the actual temperature measured is
somewhere between that of the air and the cornea, as it is exposed to both. Even
when the air-exposed part of the probe is sheathed, temperature gradients still
exist along the probe (Fatt and Forester, 1972: Rosenbluth and Fatt, 1977).

5) It has also been demonstrated that the probe acts as a cooling fin,
increasing the available surface area for heat conduction away from the eye,
particularly when the probe is used at minimal depth, or when large gauge needles
are used (Fatt and Forester, 1972); (Rosenbluth and Fatt, 1977). This has the
effect of recorded temperatures being actually lower than the true corneal
temperature.

6) All of these methods only measure temperature at one specific point at any
one time, of limited value considering the intrinsic haemodynamics and
temperature gradient across the eye (Efron et al., 1989).

7) Contact measurements of temperature vary with the pressure of application
of the probe (Mapstone, 1968a).

However, thermistors have continued to be used by some researchers
especially with animal work and in work involving contact lenses. Auker (Auker et
al., 1982) used a circular, flat thermistor on cats and monkeys to show that scleral
and conjunctival temperature could be used as a measure of choroidal blood flow;
previously this comparison had been made using intra-ocular temperatures.
Holden and Sweeney used thermistors and oxygen sensors embedded in a ring
designed to fit into the human palpebral aperture to directly measure the oxygen
tension and temperature of the upper palpebral conjunctiva, representing closed
eye conditions (Holden and Sweeney, 1985). Martin and Fatt attempted confirmed
heat transfer modelling using thermistors between thin contact lenses to measure

heat exchange at the cornea-contact lens interface (Martin and Fatt, 1986).
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To convert radiation readings to true temperatures, it is necessary to know
how close the tear film and cornea are to the black body ideal. If the
transmission/absorption characteristics of the ocular tissues are known then the
radiation characteristics can be deduced by Kirchoff's Law [Kirchoff's law states
that the absorption and emission characteristics of a body are equal at any given

temperature (Lindsay, 1971)], and the application of the Stefan-Boltzmann
equation (section 1.2).

Water is an effective absorber of infrared radiation (Lerman, 1980) and it is
logical that the high water content of tears, cornea and lens should ensure high
absorption characteristics. The cornea transmits visible radiation, but at the 1.4um
infrared level, transmission begins to fall off rapidly. Above 1.8um, transmission is
only a few percent and is absent above 2.3um (Lerman, 1980). Thus, the cornea
can be considered an efficient absorber (and therefore, radiator) of infrared
radiation in this portion of the spectrum, and to have radiation emissivity close to
that of a black body (Rysa and Sarvaranta, 1974). For example, if the radiation
emitted by the eye has a spectrum curve between 1 and 30um with a peak at 9um,
then the black body that has a similar curve is known to be at 32°C (Figure 1.5).

Radiation
intensity
I
0 15 30
Wavelength (um)
Figure 1.5

Emission spectrum of black body at 32°C (peak at 9um)
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Exactly how close the cornea is to a perfect black body is important:
Mapstone reasoned that the true temperature of the cornea ought to be same as
the body core (37°C) and therefore if the Stefan-Boltzmann equation is applied, the
cornea would have an emissivity of 0.97. As the cornea will be generally cooler
than body temperature, the emissivity will actually lie between 0.97 and 1

(Mapstone, 1968a). An emissivity value of 0.98 is generally accepted by scientists
for both the skin and ocular surface.

Mapstone also recognised that the tear film must play an important role in
the measured temperature: he regarded the tear film and cornea as one
continuous water phase, with both behaving as black bodies. He suggested that
the bolometer recorded a transient equilibrium between the tear film and cornea,
where heat exchange would take place following a blink to restore this equilibrium.
It has been established that the media of the human eye absorb and emit infrared
radiation efficiently, in a similar way to water (van den Berg and Spekreijse, 1997),
and the tear film, with its high water content, should also be an efficient
absorber/radiator. Using the data from Hamano (Hamano et al., 1969), it can be
calculated that infrared radiation from the cornea will be completely absorbed by a
tear film thickness of 40um (Prydal et al., 1992). However, tear film thickness is still
under debate (Craig, 2002): if the minimum values are selected from research
(King-Smith et al., 2000), Hamano's work suggests an absorption of around 80%
(Figure 1.6).
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Figure 1.6

Percentage absorption of radiation between 7.5-15um by increasing thickness of
water (taken from Hamano et al, 1969)

Further studies have therefore suggested that the measured temperature is
essentially that of the tears (Hamano et al., 1969; Fatt and Chaston, 1980; Morgan
et al., 1993), and only where the tears are absent will the radiation detected be that
from the cornea itself. The tear film is a dynamic structure and changes in its
thickness, composition and evaporation rate will alter the measured temperature.
In view of the current dispute over tear film thickness, It is perhaps more
reasonable to predict that as the tear film decreases in thickness, the posterior
structures, i.e. the cornea, will have increasing contribution to the radiated

temperature that is measured.

Mapstone considered the deeper ocular structures to contribute little to the
emergent radiation from the anterior eye: all wavelengths above 3pm radiated by
posterior tissues will be absorbed by the lens, cornea and tear film, leaving only a
small portion to effectively contribute. The vitreous is opaque to radiation beyond
1.4pm. However, that is not to say that measured radiation is unaffected by its
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surroundings; it will be influenced by internal and external factors (Wachtmeister,

1970).

These factors include:

Heat transfer from adjacent structures by conduction and convection
(Mapstone, 1970).

Blinking spreading warm tears over the cornea and conjunctiva (Mapstone,
1968b).

The relatively cooler environment will cause the surface to cool in an effort
to maintain equilibrium (Wachtmeister, 1970; Serway and Beichner, 2000).
As tears thin post-blink, the surface will appear to cool (Morgan et al., 1995;
Craig et al., 2000). It has been shown that rapid cooling of the tear film in
dry eye conditions appears to be related to reduced tear film stability (Craig,
1997) and the increased rate of evaporation.

Changes in blood flow to the eye (Mapstone, 1970) or head (Mapstone,
1968b; Cardona et al., 1996; Morgan et al., 1999).

It is perhaps more appropriate to call the radiated temperature Ocular

Surface Temperature (OST), rather than assign it to any particular structure in the

anterior eye. In most studies it is the OST in the central area, overlying the cornea

and limbal areas, that has been the main focus. In his PhD thesis, Morgan referred
frequently to MOST - Mean OST (Morgan, 1994) .

Table 1.3 displays a summary of research using infrared ocular thermometry

from the 1968-88 period, including Mapstone’s work. These methods still had the

disadvantages of being very close to the eye (inducing reflex tearing), and only

recording temperatures over a small corneal area.
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1.3.3 Ocular Thermography

By 1970, Mapstone had progressed to utilize an infrared camera that
produced a thermal picture, rather than a reading on a dial. This had the
advantages of being entirely non-invasive and allowed the surface thermal pattern
over an area to be seen. Measurement and colour-coded display of eye
temperature is referred to as ocular thermography (Mapstone, 1970).

Since the 1950s, medical thermography has been recognised as a useful
clinical tool, but it was not until the 1970s that ocular thermography was explored.
The reasons for this were largely practical as early infrared cameras could not
cope with the small temperature gradients involved, magnification was limited, and
scanning times were too long. Table 1.4 summarises previous applications of

ocular thermography with these ‘first generation’ cameras.
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A second generation of infrared cameras was used extensively by Morgan
and co-workers at UMIST in the 1990s, amongst other researchers (Table 1.5).
The 6T62 Thermo Tracer (NEC San-ei Instruments, Japan) had a Germanium
window set before the detector unit that was sensitive to wavelengths 8-13um. The
optical scanning device employed mirrors to scan the surface from top to bottom
and left to right: scan times varied between 0.25, 0.5 and 1 second, but spatial
resolution suffered at anything faster than 1Hz. The focussing of the system was
controlled by adjusting the position of the objective lens. It had a working distance
of 40cm, but a close-up lens could be employed to allow a more detailed view: this
had a focal range of 37-53mm, and a maximum magnification of up to x30 using
zoom facility. A chopper device created an alternating signal to the detector (an
alloy of cadmium, mercury and tellurium - CMT) which was cooled by liquid
nitrogen. The thermal image was displayed in 8 bit colour coding (256 colours) on
a 30cm monitor. Morgan’s experiments were conducted within a remote-controlled
thermal cubicle containing subject and camera; temperature was recorded from
five areas across the ocular surface, and typical thermal sensitivity employed was
0.2°C (Morgan et al., 1993; Morgan, 1994).
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Such a temperature distribution across the ocular surface might be expected as the
temperature is being differentially influenced by differing physical characteristics of
the anterior eye including the following:

e An avascular cornea is surrounded by a vascularised limbal area (Fielder et
al., 1981; Efron et al., 1989; Morgan et al., 1993).

» The anterior chamber is naturally shallower in the periphery compared to the
centre: it has been suggested that eyes with deeper anterior chambers
demonstrate less influence by body temperature on OST (Rysa and
Sarvaranta, 1973, 1974).

o Steeper corneas exhibit a significantly steeper gradient across the cornea
(Morgan et al.,, 1993): this may be because steeper corneas are more
exposed and lose radiation to the environment more readily.

o The palpebral aperture accounts for the elliptical nature of the isotherms and
the position of the thermal apex (Efron et al., 1989).

e The central cornea (4mm) averages 0.534mm in thickness, compared to the
peripheral average 0.672mm, and the area superior to the centre is reported
to be marginally thicker (10pm) (Doughty and Zaman, 2000). Morgan
reported a significant decrease in OST with increasing corneal thickness
(Morgan, 1994).

o Blinking causes tear fluid to accumulate initially centrally, followed by rapid
dispersal to the canthi (Fatt, 1992).

The influence of these factors is examined further in Chapters 3 and 4.

No significant inter-ocular difference in OST has been reported in normal
eyes (Horven, 1975; Alio and Padron, 1982a; Kocak et al., 1999). Mapstone found
differences between normal eyes no greater than 0.4-0.6°C (Mapstone, 1968c).
Alio and Padron (Alio and Padron, 1982a) noted some degree of asymmetry
(central OST 0.5+£0.06°C) in 51% of their subjects (n=96). In a study of 98 normal
subjects, Morgan (Morgan et al., 1993) found no significant difference in eye
temperature with respect to right vs. left eye, or first eye vs. second, and it was
established that 95% of the subjects had an inter-ocular difference within 0.53°C.
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1.5 Factors affecting OST

It is obvious that OST will be affected by both intrinsic and extrinsic factors.
A summary of previous studies that have examined some of these influences using
both contact and non-contact techniques of temperature measurement follows:

1.5.1 ENVIRONMENTAL INFLUENCES ON OST

1.5.1.1
Time of Day

There are known diurnal variations in some physical parameters of the
anterior eye, so it might be expected that OST undergoes some cyclical change.
For the average patient, tear film stability is low early in the morning, and tends to
rise to equilibrium level between 10 am and 12 noon (Patel et al., 1988). Corneal
thickness decreases rapidly on waking, and assumes a normal value after a couple
of hours (Du Toit et al.,, 2003), although some studies have reported a cyclical
variation, where a further but slower decrease occurs in the afternoon (Doughty
and Zaman, 2000). Corneal sensitivity recovers upon wakening and reaches
normal levels after about four hours (Du Toit et al., 2003). Other explanations for
any diurnal variation in OST may be related to blood flow and aqueous humour
dynamics, which are known to affect OST (Mapstone, 1968b; Wachtmeister, 1970).
However, blood pressure seems to vary without real pattern [although most agree
on a midday peak (Colquhoun, 1971)], and intraocular pressure increases from
waking to midday, after which it falls to reach a minimum by late afternoon (Pointer,
1999). Human body temperature is at its lowest on waking and reaches a
maximum late afternoon (Colquhoun, 1971).

Early published studies in ocular thermometry collected data in the afternoon
but no reason was given (Schwartz, 1965; Mapstone, 1968a, 1968b, 1968c,
1968d). Schwartz reported a dependency on time of day in a study of 131 subjects,
but the data was not published (Schwartz et al., 1968). Morgan investigated the
diurnal variations of ocular temperature in two subjects every hour over an 11 hour
period. After applying a corrective factor to allow for the ambient rise in room
temperature, both subjects showed maximum temperature first thing, falling to a
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minimum late morning (1 Tam) and reaching a more constant level throughout the
afternoon and evening (Morgan, 1994). Applying this to his further work, he
avoided the first two hours after waking to collect data. Du Toit and colleagues
found in 20 subjects that corneal temperature was 1.1°C higher in the morning and
seemed to return to baseline after 2pm (Du Toit et al., 1998). No other studies
appear to consider time of day. This topic is examined in this thesis in Chapter 2.

1.5.1.2

Room Temperature

Given the accepted principles of thermal equilibrium, It is expected that
surrounding temperatures should influence OST. Many studies have sensibly
attempted to maintain stable room temperatures during experiments, but there are
few studies that have investigated its direct influence.

Schwartz (using thermistor probes) noted a linear decrease in ocular surface
temperature of rabbit eyes with decreasing environmental temperature: 0.23°C for
1°C rise in environmental temperatures between 2.2-27.5°C (Schwartz, 1965).
Using a bolometer, Mapstone recorded the corneal temperature of 4 human
subjects, seventeen times over an eight week period, and demonstrated a 0.15°C
increase for 1°C rise in environmental temperature over a range of 18-27°C
(Mapstone, 1968b). Kolstad demonstrated a reduction in corneal temperature
(glass probe thermistor) with cold conditions (n=2) (Kolstad, 1970). Both Freeman
& Fatt and Rysa & Sarvaranta observed an essentially linear decrease with
ambient temperature drop, despite using very different methods (Freeman and
Fatt, 1973; Rysa and Sarvaranta, 1974). Herven demonstrated a positive
correlation between room temperature and corneal temperature using thermistors
on 40 subjects (Horven, 1975). More recently, Hata and colleagues observed
temperature decrease in cool conditions (Hata et al., 1994). Morgan observed the
change in corneal temperature in one subject over 21.7-30.4°C and found a mean
rate of change of 0.21°C per degree rise in room temperature (Morgan, 1994).
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1.5.1.3
Humidity

There are few studies that specifically examine the influence of humidity on
OST. In a thermistor probe study, Schwartz showed a change of +1°C per 6%
humidity (range 30-60%) on rabbit eyes (Schwartz, 1965). However, in a later
study (Schwartz et al., 1968) no relation between radiometric readings of ocular
temperature and humidity was reported. Freeman and Fatt also found humidity
changes to have a minimal effect on the ocular temperature of rabbits (Freeman
and Fatt, 1973).

The most likely route for influence of humidity on OST is via changes in the
tear film. Korb has shown that lipid layer thickness can double if humidity increases
from typical room conditions of 40-50% to 100% (Korb et al., 2002), although
interestingly, it has been noted that blinking is unchanged in saunas [discussed by
(Tsubota, 1998)]. Where the lipid layer is absent or defective tear evaporation is
increased (Craig, 1997): dry eyes show an increased rate of tear evaporation
(Craig et al., 2000; Rolando and Zierhut, 2001), and an increased rate of cooling
after a blink (Morgan et al., 1995, 1996). The literature appears to support the
theory that as humidity increases, lipid layer thicknesses increases, and therefore,
tear film stability will increase: less cooling will occur in the tear film. However, it is
unlikely that sufficiently large changes in humidity have been examined with

respect to OST in order to explore these ideas.

1.5.1.4
Air Flow

Studies on the thermal conductance of skin have shown that heat transfer
increases when there is surrounding air flow. Mapstone sensibly tried to exclude
draughts from his experiments, but he did not specifically examine its effects
(Mapstone, 1968a, 1968b, 1968c, 1968d). Freeman and Fatt positioned an air
blower at various distances from a rabbit eye and measured temperature using a
contact thermistor probe against the corneal surface. The cooling effect of air
velocity increased with air velocity and had much greater effect at lower air

temperatures. At typical room temperature (21°C), corneal temperature fell by 4
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degrees when the air velocity increased from 0 to 9mph (Freeman and Fatt, 1973).

Morgan used a ‘thermal cubicle’ for his camera set-up to exclude draughts
(Morgan, 1994).

1.5.1.5
Room Adaptation

If prior to the measurement, a subject has been in a much warmer or colder
environment, it is logical that this could affect the assessment of OST. In his work
on anaesthetised rabbits, Schwartz ensured at least 35 minutes of room adaptation
(Schwartz, 1965); Mapstone chose 15 minutes as a suitable period of adaptation
for his subjects - neither gave specific reasons. The ‘15 minute rule’ seems to have
been followed in an arbitrary fashion by some groups (Alio and Padron, 1982b;
Gugleta et al., 1999), and published works of others appears to have ignored it
(Fatt and Chaston, 1980; Efron et al.,, 1988; Efron et al., 1989). Rysa and
Sarvaranta found that both rabbit and human OST stabilised after 20 minutes in
the cold chamber (Rysa and Sarvaranta, 1974), but an earlier study found that
stabilisation varied from 20 to 45 minutes (Rysa and Sarvaranta, 1973). In his PhD
thesis, Morgan examined the effect of room adaptation on 9 subjects who had
previously been outside (at 6°C). He concluded that 18 minutes should be chosen
as a suitable adaptation period, despite considerable inter-subject variability. A
protocol of twenty minutes was adopted for all his subsequent work (Morgan,
1994).
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1.5.2 THE EFFECT OF SUBJECT VARIABLES ON OST

1.5.2.1
Effect of Age

A negative correlation between age and OST been reported (Rysa and
Sarvaranta, 1973; Horven, 1975: Alio and Padron, 1982b; Girardin et al., 1999).
Alio and Padron (1982) demonstrated 0.018°C decrease in OST per year. In his
1993 study of 98 normals, Morgan found no correlation (Morgan et al., 1993), but
he showed statistically a change of -0.01°C change in OST per year increase in
age (Morgan et al., 1999),

There are several features of the anterior eye related to OST that show age-
related change: there is conflicting evidence about the effects of age on the tear
film (Korb et al., 2002), but it is generally agreed that volume, evaporation and lipid
layer thickness are constant in the normal eye with increasing age, despite
changes in tear production and stability: the tear film becomes less stable with age
(Patel and Farrell, 1989). The majority of published evidence suggests that there is
no substantial change in central corneal thickness with age (Doughty and Zaman,
2000). Corneal topography changes with age: with the rule astigmatism changes to
against the rule, particularly in men (Goto et al., 2001), which may be a factor in
decreased tear film stability. The age related decrease in anterior chamber depth
[0.13mm per decade from 20 to 70 years of age (Spooner, 1983)], and the
increase in intraocular pressure with age (Pointer, 1999) are more likely to cause
OST to increase with age according to the literature (Mapstone, 1968b;
Wachtmeister, 1970).

1.5.2.2
Gender and ethnicity

One study has demonstrated significantly lower OST in women compared to
men (Girardin et al., 1999), despite a higher body temperature. However, the
authors admitted an age bias: the males in their study were mostly older than the
female participants. Other studies have shown no correlation between OST and
gender (Schwartz et al., 1968; Horven, 1975; Alio and Padron, 1982b; Morgan et

al., 1993).
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Relevant gender differences in the anterior eye have previously been
demonstrated: women are reported to have a higher tear evaporation rate than
men (Tomlinson and Giesbrecht, 1993). The relation between gender and corneal
thickness has been subject of few studies and as such is seen as unimportant
(Doughty and Zaman, 2000). Corneal shape does not seem gender-related, except
in older age groups (Goto et al., 2001), as mentioned in Section 1.5.2.1. Corneal
curvature was significantly steeper in women over 50 compared to age-matched
men in a large Scandinavian study (Eysteinsson et al., 2002). Men appear to have
deeper anterior chambers than women of similar age (Jansson, 1963), and
females generally record a higher IOP value than age-matched males (Pointer,
1997, Eysteinsson et al., 2002).

No significant difference in OST due to race has been found (Schwartz et al.,
1968; Morgan et al., 1993). Few anterior eye studies have simultaneously
compared different races with regard to tear film, corneal thickness, etc.
Differences in corneal thickness due to ethnic background are uncertain (Doughty
and Zaman, 2000); corneal curvature of Asians and Caucasians show no
significant difference (Matsuda et al., 1992).

1.5.2.3
Body temperature

A strong positive correlation between OST and body temperature (measured
orally and aurally) has been demonstrated by several studies (Schwartz, 1965;
Schwartz et al., 1968; Mapstone, 1968b; Freeman and Fatt, 1973; Rysa and
Sarvaranta, 1974; Horven, 1975; Morgan et al., 1993; Girardin et al., 1999).

1.5.2.4

Corneal topography
Steeper corneas have been shown to have a steeper thermal gradient

(Morgan et al., 1993): it has been proposed that this is due to increased

evaporation from an increased surface area, or a more ‘exposed’ area.
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1.5.2.5

Anterior chamber depth

In a cold chamber, Rys4 and Sarvaranta (Rysa and Sarvaranta, 1973) noted
that a fall in OST was slower in eyes with deeper anterior chambers, and this was
also confirmed by comparing rabbits (larger anterior chamber) to humans (Rysa
and Sarvaranta, 1974). It was suggested that the internal effect of the fall in body
temperature is slower to reach the anterior eye (through the deeper anterior
chamber), and therefore, a warming effect persists longer.

1.5.2.6
Corneal thickness

Du Toit and colleagues (Du Toit et al., 1998) reported a significant increase
in corneal thickness upon waking, whilst both OST and sensitivity had decreased:
under these circumstances corneal thickness correlated with temperature. Morgan
and colleagues (Morgan et al., 1993) found no significant relationship between
corneal thickness and OST, although his PhD thesis (Morgan, 1994) reports a
significant (p<0.05) negative correlation between OST and corneal thickness.

1.5.2.7
Other ocular parameters

No significant correlations between OST and visual acuity, palpebral
aperture, horizontal visible iris diameter have been established (Morgan, 1994).

52



1.5.3 OCULAR DISEASE AND SURGERY

It has been demonstrated that OST increases when blood flow to the
anterior eye is increased, or anterior uveitis is present (Mapstone, 1968b, 1968d:
Mikesell, 1978; Morgan et al., 1993). Results from studies with carotid artery
stenosis subjects show that there is a significant negative correlation between
ocular temperature and degree of stenosis (Mapstone, 1968b: Horven, 1975;
Morgan et al., 1999). Mapstone boldly deduced that if an abnormal temperature
difference between two eyes exists, it must result from differences in blood supply
to the anterior segments. He found a positive correlation between maximum OST
and duration of ciliary injection. Efron and colleagues (Efron et al., 1988) induced
hyperaemia in the bulbar conjunctiva and found a positive correlation between
OST and grade of redness (McMonnies scale), corresponding to 0.5°C for a 3-
grade change in redness. In a small, observational study, Fielder and colleagues
(Fielder et al., 1981) noted that arcus begins in the warmer parts of the ‘cornea’
(superiorly and inferiorly), and if arcus was unilateral it was the warmer eye that
was affected. It was suggested by the authors that increased capillary permeability
(in response or as result of increased temperature) may explain their findings.
Thermography has been used to examine the temperature effects of postherpetic
neuralgia - the eye of the affected side was significantly colder, but skin
temperature was not (Cardona et al., 1996; Gispets et al., 2002). Morgan explained
that the increase in sympathetic innervation thought to occur with this condition
was the likely mechanism of lower OST (Morgan, 1994).

There are conflicting results from the few studies that have examined the
effect of posterior eye conditions on OST. Some studies showed no correlation
between choroidal abnormalities and OST (Mapstone, 1968b), whilst others
(Wachtmeister, 1970) show a 60% correlation, seemingly irrespective of tumour
position. Gugleta et al (Gugleta et al, 1999) suggested that retrobulbar
haemodynamics influence OST and is has been argued that peripheral blood flow
may show parallel changes with blood flow variation in the eye (Guthauser et al.,
1988). However, it is most likely that any metabolic heat produced by a choroidal
tumour will be dissipated by the retina (as a vascular area of high metabolic
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activity), and as a result, the thermal gradient will be minimal and thus less likely to
affect radiated OST.

Change in ocular temperature has been described as an indicator of the
stages of wound healing and correlates well with inflammatory responses in rabbits
(Coles et al., 1988). It has been demonstrated that cooling eyes post-operatively in
cataract surgery reduces inflammation and improves comfort (Fujishima et al.,
1994; Fujishima et al., 1995). More contemporary is the use of thermography
during refractive surgery. Betney and colleagues (Betney et al., 1997) showed that
OST increased during photorefractive keratectomy (PRK) surgery, to levels at
which proteins can denature, but did not find that ablation depth or duration of
procedure correlated with OST. This contrasts with the findings of Maldonado-
Codina (Maldonado-Codina et al., 2001) who demonstrated that corneas

undergoing larger treatments were subject to greater rises in OST for longer
periods of time.
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1.5.4 BLINKING

Many studies have taken temperature measurements in between blinks,
recognising that closing the eyelids exposes the anterior eye to the warming effect
of the vascular tarsal conjunctiva and fresh tears from the relatively warmer
lacrimal gland and hence a rise in OST (Hill and Leighton, 1965b). An initial rise in
temperature is seen straight after a blink, followed by a rapid decrease as heat is
lost by convection and radiation (Efron et al., 1989). Mapstone recorded a 1.5°C
rise in OST after five minutes of lid closure, and a similar decrease when blinking
was prevented for long periods (Mapstone, 1968b). Several studies have
demonstrated an increase in OST with eye closure (Hill and Leighton, 1965a;
Mapstone, 1968a; Fatt and Chaston, 1980; Martin and Fatt, 1986).

Blinking spreads warm tears over the ocular surface, and the globe will
rotate upwards to align the anterior eye to the vascular palpebral conjunctiva
(Vandersteen et al., 1984). Heat transfer from the tear film to the environment
occurs immediately and a decrease in OST over time is observed post-blink (Hill
and Leighton, 1965b; Efron et al., 1989). The tear film destabilises after a blink
which may explain the continued reduction in OST, but the exact mechanism by
which tears destabilise is not fully understood. Efron demonstrated that subjects
whose corneas cooled more slowly had the capacity to avoid blinking for longer
periods, suggesting greater tear stability and/or increased tear film thickness (Efron
et al.,, 1989). The stimulus to blink is still under debate: the change in OST
following a blink has been suggested as a stimulus to blinking (Hata et al., 1994),
and the cornea and conjunctiva have been found to be sensitive to a cooling
stimulus, such as tear film thinning (Murphy et al., 1999; Murphy et al., 2001). The
effect of different types of blink on OST have been examined: forceful blinking
produced a greater peak temperature rise upon opening the eyelids and faster

cooling, whereas flick blinking a lesser effect (Morgan, 1994). The effect of blinking
on OST is examined in Chapter 4.
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1.5.5 DRY EYE & ARTIFICIAL TEARS

Patients who complain of dry eyes often include the descriptive terms ‘hot’ or
‘burning’ in their symptoms (Du Toit et al., 2001). In dry eyes, the mean OST
across the anterior eye appears greater, and there is a greater difference in OST
over the corneal centre and the limbus, and also a faster rate of cooling post-blink
(Morgan et al., 1995, 1996). Rapid cooling of the dry eye may be related to the
reduced tear stability and increased evaporation (Craig et al., 2000), and blink rate
(Efron et al., 1989). Dry eyes are known to be more affected by dry environmental
conditions, in that their blink rate significantly increases (Nakamori et al., 1997),
and corneal thickness has been shown to be reduced in dry eye (Liu and
Pflugfelder, 1999; Guzey et al., 2002), thought to be a result of thinning related to
increased evaporation and osmolarity in dry eye patients.

Artificial tears (of various temperatures) have been shown to lower OST and
improve subjective comfort (Fujishima et al., 1997). In his thesis, Morgan showed
that 1.4% polyvinyl alcohol reduced OST to a greater degree than saline. Itis likely
that the viscosity of the solution is important: aqueous artificial tears appear to
cause an uneven thickening of the precorneal tear film, particularly superiorly
(Shimmura et al., 1998). The effect of punctual occlusion on ocular temperature
was shown to be inconclusive (Morgan, 1994).

The effects of artificial tear substitutes on OST are examined in Chapter 7 of

this thesis.
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1.5.6 CONTACT LENS WEAR

There have been few reports in the literature observing temperature of the
anterior eye during contact lens wear, despite the use of terms like ‘burning’ or
‘hotness’ by symptomatic contact lens wearers, and known effects of contact
lenses on anterior eye physiology.

There are short term changes in the tear film when a contact lens is inserted,
but the long term changes are not clear from the literature:

* A contact lens disrupts the integrity of the lipid layer and increases tear film
evaporation (Korb et al., 2002). This increase in tear evaporation has not
been found to be related to the water content of a soft HEMA lens
(Cedarstaff and Tomlinson, 1983). The stability of the post-lens tear film
depends on factors such as blinking, lens edge profile, tear production and
drainage and lens material (Lin et al., 2003). Studies have demonstrated
that both hard and soft contact lens wearers blink more often than non-
contact lens wearers, although a few cases exhibit significantly less blinking
(Tomlinson, 1992). At best, a thin lipid layer will form over a hydrogel lens,
but with a rigid lens that moves more, the lipid layer will be absent (Holly,
1981).

e A vascular response to soft contact lens wear has been demonstrated
(McMonnies et al., 1982): it is logical to suspect that this will have an

increased warming effect on OST.

Most of the studies on contact lenses and OST have used contact methods of
temperature measurement and been observational in nature. It is difficult to
compare such studies as the environmental factors and measurement techniques
differ between them. Hill and Leighton demonstrated an increase in OST behind a
scleral contact lens embedded with a thermistor, an effect that increased as the
palpebral aperture narrowed (Hill and Leighton, 1965a, 1965b). Hamano and co-
workers reported no difference in temperature of more than 0.5°C between the
ocular surface with or without a rigid contact lens in place (Hamano et al., 1969).
Using a bolometer, Fatt and Chaston demonstrated three eyes wearing a hard

contact lens had a temperature 0.5-1.5°C below that of the same eye without a
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contact lens, but three eyes wearing a soft lens had a temperature never more
than 0.5°C below the same eye without a contact lens (Fatt and Chaston, 1 980).
Martin and Fatt used a contact method to show that contact lenses of higher water
content caused a smaller rise in ocular surface temperature than lenses of lower
water content. Their model of heat transfer predicted a small increase in anterior
corneal temperature beneath a hydrogel contact lens, but the authors felt that this
would be insignificant compared to environmental influences(Martin and Fatt,
1986). Most recently, Montoro et al observed an irregular thermal pattern in contact
lens wearers (Montoro et al., 1991). With increased instrument sensitivity, it may be
that temperature changes behind contact lenses become significant, particularly in
the advent of the growing popularity of continuous wear. It is established that
prolonged eye closure results in an associated sub-clinical state of inflammation,
which is comparable to that during contact lens wear (Sack et al., 1997). The use
of soft contact lenses for therapeutic purposes in a wide variety of disorders has
also become more extensive as a result of developments in contact lens materials
and the increasing popularity of refractive surgery.

The effects of contact lens wear on OST are examined in Chapter 6 of this
thesis.
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1.6 SUMMARY

It is apparent from the literature that the potential use of OST in monitoring
ocular physiology has been well-recognised. As early as 1970, it was
acknowledged that technology was the key to progress in this area (Wachtmeister,
1970), and that improvements in sensitivity and equipment cost would be
necessary to make this technique a useful research or clinical tool (Efron et al.,
1988). It appears generally agreed in the literature that the OST measured upon
eye opening is that of the tear film, and as such OST will be continuously affected
by eyelid movement, thinning and evaporation, and ocular surface properties. The
latest generation of thermal cameras offer the necessary improvements in terms of
portability, cost and temporal analysis, following the parallel move in medicine
towards using dynamic thermography (Anbar, 1998) as a more useful diagnostic
tool. The ability to measure OST in real-time with current technology offers great

opportunities for progress in monitoring ocular physiology.
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1.7 AIMS OF THIS THESIS

The emphasis of this thesis is on the dynamic observations of OST following
a blink. Specific aims are outlined below:

» To evaluate the technique of dynamic ocular thermography

» To attempt to establish the source of measured OST - the established
literature suggests it is the tear film, but this is mainly based on theory.

> To examine the temporal changes in OST following a blink in a large group
of subjects, and relate the findings to ocular physiology, e.g. tear flow
dynamics.

> To examine the effects of different types of hydrogel contact lenses on OST,
both in vitro and in vivo.

> To examine the effect on OST of the application of artificial tear drops - both

initially and over time.

60



CHAPTER 2

EXPERIMENTAL DESIGN

2.1 Laboratory set-up
2.2 Evaluation of Technique
2.3 Experimental Protocol

2.1 Laboratory set-up

2.1.1 Choice of camera

In medicine, thermography is used as a diagnostic tool, rather like an x-ray,
where static images are recorded and studied for signs of asymmetry or
abnormality, although there is a move towards using dynamic techniques (Anbar,
1994). Previous research in ocular temperature has used static thermography, but
it is evident that changes in OST may be small and rapid: the tear film is a dynamic
structure and is continuously being affected by eyelid movement, evaporation and
ocular surface properties (Craig et al., 2000). Efron and colleagues noted that the
OST was unstable over time, and suggested that even in the absence of blinking,
the cornea undergoes a cyclic variation in temperature of up to 0.78°C (Efron et al.,
1989). The relative changes in OST compared to baseline will be important,
especially as it is apparent that the recording of accurate absolute corneal
temperature is subject to many factors (Chapter 1.5), and “abnormal” temperature
changes may be masked by these “normal” variations.

The literature has indicated that temporal analysis of tear film in dry eye
patients might be more useful than static imaging (Morgan et al, 1995). High-
speed, video-topographic measurement of tear film build-up time provides one
possibility of measuring tear-film dynamics, but is currently limited to 4 images per
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material changes and pixel intensities are developed from the signal differences
from the original voltage applied across the detector. VOXx arrays are inherently
sensitive: a chopper device to amplify signals is not required. This helps to reduce
the thermal background noise of the system (Pandya and Van Anda, 2004).

The performance of the detector is a function of sensitivity, resolution, and
range. Sensitivity, the ability to resolve two objects of nearly equal apparent
temperature, is measured by noise-equivalent temperature difference (NEdT) and
minimum-resolvable temperature difference (MRTD). NEdT, measured in
millikelvins, consists of the amount of IR radiation needed to produce a signal
equal to the heat (noise) created by the detector itself. The lower the noise of the
system, the lower the NEdT and the smaller the detectible signal. MRTD,
measured in degrees centigrade, describes how well a detector distinguishes
between objects at similar temperatures. For a VOx detector, the typical NETD will
be 25 millikelvins for a 50-micron pixel using an /1.0 optical system or lens, and
MRTD below 0.1° (Pandya and Van Anda, 2004). The TH7102MX thermo-camera
(NEC San-ei, Japan) has a MRTD of 0.08°C at 30Hz.

In any digital thermal camera, the image resolution is defined by both the
optical system and by the number of pixels on the IR detector. By reducing the
pitch between sensor elements to 25 pm, an image of 320 X 240 pixels can be
produced (Pandya and Van Anda, 2004), such as in the TH7102MX thermo-
camera.

The detector is compensated for ambient (between lens and subject)
temperature and humidity conditions via manual programming. Compensation for
any high or low temperature items in the background achieved by allowing the
camera to equilibrate with its surroundings for 10 minutes each session before any
data is collected with the lens cap removed. The lens cap (coated with blackbody
paint) is then replaced and used to externally calibrate the camera before each
experiment: this allows a correction factor to be calculated by the camera to correct
for any reflection of environmental temperature. Using a close-up focus lens does
help to reduce the potential effect of background radiation. For internal calibration,
the camera has a paddle, temperature sensor and black reference for checking the
uniformity of the detector array: the paddle periodically moves in front of the sensor

for this purpose.
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The electronic circuitry of the camera supports image processing,
compensation mechanisms, the selection of sensitivity, range, and emissivity
factors as well as display modes. The LCD viewfinder permits observation of the

‘live’ image; there are digital (14 bit) and analogue outputs for vision and imaging
applications.

The physical properties of this camera are summarised below:

It uses an uncooled focal plane array for the detector, which makes it

portable (it has its own LCD colour view-finder; total weight approx 1.6Kg:

battery or mains operated)

e Self calibrating: no need for black body device.

e The detector is sensitive to 8-14um, which would seem suitable for the
emission spectrum of the anterior eye (Lerman, 1980)

¢ It has three frame speeds (7.5/ 30/ 60Hz), as well as static facility

e Maximum temperature resolution of 0.08°C at 30Hz, 0.16°C at 60Hz

e Accuracy of +2% (over widest range)

e Addition of a close-up lens allows close focus at 60mm, with a spatial
resolution of 100um, and field of view 34.5mm (H) x 26.0mm (V)

¢ Pixel size of image 320(H)x240(V)

¢ Colour/ monochrome facility

o Digital and video output facility from the camera permits recording of data

that can be processed at a later date, if required.
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2.1.2

Camera set-up

A dedicated, temperature-controlled laboratory has been used for all the
studies in this thesis; room temperature and humidity were monitored by use of a
digital hygro-thermometer (accuracy + 1%, sensitivity 0.1°C, sampling rate 10
seconds), and background radiation was reduced by the use of fluorescent room
lighting only (no windows). Doors were kept closed to avoid draughts. The camera
was mounted onto a slit lamp base, allowing precise alignment of the desired
image using the joystick (Figure 2.2). The slit lamp was mounted on a standard
ophthalmic table: the chin-rest and head-rest encouraged steady positioning of the
subject.

Figure 2.2 .
Thermo-camera mounted on slit lamp base
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Initial, gross focus of a subject’'s eye was obtained by observing the lashes
and changes in the tear film occurring with blinks, and then the distance between
eye and camera lens was checked by placing a rule of length 58mm between the
lens and the closed lid (over the central cornea). The thickness of the closed lid
was assumed to be =2mm (Bron et al., 1997). The screw-lock on the slit-lamp base
was used once focus was established. The camera video output was connected to

a personal computer (PC), and the signal was processed by custom-designed
software (Section 2.1.3).

Internal settings for the camera during experiments were as follows:

e 0.98 was chosen to represent the emissivity of the anterior eye surface, due
to its similarity in thermal properties to skin (Steketee, 1973), water (Lerman,
1980), and the work of previous researchers (Mapstone, 1968a; Rysa and
Sarvaranta, 1974).

« The scale sensitivity for the screen display was set at 0.5°C: this allowed a
temperature range of 4°C to be viewed. NB This was not the ultimate
thermal resolution of the camera - that was determined by the programming
(section 2.1.4).

e Frame rate of 30Hz, allowing image processing in real time

e Image was 256 positive monochrome, providing a linear scale where whiter

shades represented warmer areas.
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21.3

Anatomical localisation

The camera’s field of view is 34.5mm (horizontal) x 26.0mm (vertical) at a
60mm working distance, represented by 320x240 pixels on the computer screen:
as the average distance between canthi is about 30mm, the camera’s field of view
covered the entire anterior eye surface in most subjects. The thermal image of the
anterior eye lacks the usual anatomical detail such as pupil and iris, which would
aid accurate positioning. Although the canthi and lids can be readily localised, it is
difficult to identify the corneal centre, even with the magnified view on the PC
monitor (resolution of 1280x1024: Figure 2.3).

Ideally, a simultaneous on-axis visible light image would assist in
localisation, but a beam splitter would disrupt the thermal profile and the 60mm
working distance would result in any additional camera having to be set at an
oblique angle. Anatomical localisation has proved difficult in earlier studies (Efron
et al.,, 1989; Morgan et al., 1993): it has been assumed that the centre of the
cornea lies equidistant from upper and lower lids and that the coolest point
represents the centre of the cornea itself. A criticism of this supposition is that the
palpebral aperture shows considerable variability between subjects and can vary
within subjects according to transient fatigue. The anatomical features that are
most likely to remain constant are the canthi and the lower lid margin (Bron et al.,
1997). Hence alignment with the camera was achieved as follows:

* For each subject, measurements were taken with a PD rule (to the nearest
%mm) - the vertical distance from pupil centre to lower lid margin, and the
horizontal distance of this vertical drop to the inner canthus

= The magnification of the system was calculated by imaging a small disc of
known diameter, and measuring the size of the same on the monitor. The
palpebral aperture of one subject was also measured four times with a ruler
and compared with the same feature on the PC monitor. The average
magnification was calculated to be 5.8 (x0.2), i.e. a typical horizontal iris
diameter of 12mm was represented by a distance of 69.6mm on the
monitor, and the distance from canthus to canthus was represented by 150-

160mm on screen.
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* Using the magnification calculations, the anatomical features of the
individual subject could be mapped onto the PC monitor to allow accurate
alignment between the camera optical axis and the geometric centre of the
cornea. These figures (or an acetate overlay constructed from them) were

used for repeated measures to minimise inaccuracy in recording the thermal
profile.

OST was recorded from 23 points (see section 2.1.4) across the ocular
surface: the positions of these points were selected to highlight areas of interest
(central, nasal limbus, temporal limbus, superior cornea, inferior cornea), and avoid
measuring skin temperature. The central nine points covered an area of
approximately 4mm diameter overlying the central cornea. The superior and
inferior points overlaid the outer cornea 4mm from centre. The outer points covered
the limbal areas, with the furthest point lying 8mm from geometric cornea centre
(i.e. extending onto the conjunctiva for typical corneal diameters; Figure 2.3).

Figure 2.3 ] . _
Position of the 23 OST recording points across anterior eye
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21.4
Collection and analysis of data

Internal programming of the TH7102MX permits the positioning of 10 points
or 5 boxes to continuously observe temperature at specific points, but only static
images can be stored. To allow dynamic temperature information from the ocular
surface to be exported and saved, purpose-written software was developed by Dr
James Wolffsohn using Labview® software (National Instruments, USA).
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Figure 2.4

Screen view of image analysis program

To summarise the programming principles:
o To allow incremental analysis, monochrome images (8 bit) from the camera
in ‘run’ mode are fed to a desktop PC via NTSC video output at 30Hz.
o The transferred image was the real-time image seen in the LCD viewfinder:
it contained the settings for scale, emissivity, and sensitivity (Figure 2.4).
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o The transferred image was the real-time image seen in the LCD viewfinder:
it contained the settings for scale, emissivity, and sensitivity (Figure 2.4).

o The reference scale went from black, representing the coolest areas of the
image, to white, the hottest: contained within each image, therefore, are 256
levels of luminance, or ‘shades of grey’.

o The Labview® program was set up to read the temperature-generated
voltage at each pixel (displayed as a luminance at that point in the image) at
any desired locations, and also at the top and bottom of the scale.

o The user inputs into the temperature values indicated by the minimum
(black), and the range of the scale (e.g. 4°C), thereby directly relating pixel
intensity of the image to temperature. Once these have been set, the
program assigns a temperature value to each of the 256 intensities between
the maximum and minimum.

o To aid selection of a suitable temperature range (and therefore, maximum
sensitivity) for each subject, the software program also produced a
continuous display of pixel intensities across the horizontal and vertical axes
of the ocular surface (0-256). A subject can be observed prior to data
collection to see whether the temperature changes are all taking place
within 256 values: i.e. that the image does not contain all black or all white.
The camera range and sensitivity can then be adjusted accordingly to
ensure maximum sensitivity without loss of data from a ceiling or floor effect.

o Typically, OST variations during a typical recording session (pre-blink,
during and post-blink for 8+ seconds) could be observed with the camera
set for a range of 4°C, spread over 256 values, i.e. a total sensitivity of
0.016°C.

o OST was continuously recorded, along with time, in this way from 23 points
across the anterior eye (Figure 2.2). The results fed directly into Microsoft

Excel® spreadsheets.

Analysing the data:
Continuous recording of OST for 10-12 seconds of recording this would

typically produce approximately 400 rows x 24 columns (9600 temperature
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measurements) in Excel. This large amount of data was managed by grouping the
points into five areas: central (9 points), upper (2 points), lower (2 points), nasal (5

points) and temporal (5 points). The locations and dimensions of these areas are
explained in section 2.1.3.
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Figure 2.5

Typical temporal change in OST with blinking, showing reference points selected
for analysis

Excel spreadsheet templates were used to smooth the data for each area
(average of temperature within +0.3s), and a line plot drawn to represent the

change in OST over time, including pre- and post- blink (Figure 2.5).

For the recording in each area, the time corresponding to the peak (as the
relatively hot eyelid covers the camera’s field of view) was manually selected: the
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point of eye opening could be identified and initial OST post-blink could be
recorded. Point of eye opening was chosen as 0.2s after the peak value (Figure
2.4). The upper lid accelerates rapidly as it descends, and slows significantly as it
rises: the total duration of lid motion has been shown to be between 300-400ms
(Doane, 1980; Vandersteen et al., 1984; Chauhan and Radke, 2001). This
suggests that at approximately 0.15s the central OST can be recorded, and it is
likely that the superior cornea becomes exposed at 0.2s. Owens and Phillips chose
40ms (0.04s) after passage of the lid to start video analysis of tear stabilization,
although it is unclear whether that meant the eyelid was fully open or not: due to
the dynamic nature of the tear film data may have been lost (Owens and Phillips,
2001). Once this eye-opening point was identified, the data was manipulated within
the Excel template to reveal the total change in OST over eight seconds post-blink.

During data collection subjects were asked to blink normally whilst the
camera was aligned and following a natural final blink, to hold their eye open for
eight seconds without blinking. Previous work has identified that a forced blink
results in a slightly higher initial temperature, although the rate of change appears
similar (Morgan, 1994). Eight seconds was chosen as a suitable time to assess the
tear film without causing reflex tearing - average blink rate under concentration has
been reported as every 12 seconds (Tsubota and Nakamori, 1995). A simple rate
of change for OST could be calculated using this data. However, the change in
OST during the 8s post-blink period was unlikely to be linear, so the actual times
taken for %, % and % of such change to occur were calculated in order to fully

describe the dynamic profile (Figure 2.5).

To summarise, the chosen method of analysis produced measures (for each area)
of:
e Initial OST after a blink
e Change in OST for 8s after a blink
¢ The time taken to reach:
- % of the total 8 second temperature change (half-life)
- Y of the total 8s temperature change

- % of the total 8s temperature change
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2.2 Evaluation of Technique

With any measurement technique, it is important to minimise variability so
that smaller effects can be identified. The procedure for anatomic localisation has
already been described (Section 2.1.3). The following studies examined the
tolerance of the technique to changes in environment (room temperature and time
of day), and patient variables (stability of head and the effect of eye rubbing). The
results led to a technical protocol for using the camera, from which the repeatability
of the measurements could be assessed.

2,21

Effect of image defocus

It was anticipated that any movement towards or away from the camera
would cause defocus in the thermal image, and an apparent temperature change.
It was necessary to determine the tolerance of the thermal profile to changes in
camera-to-eye distance to establish whether a head restraint (such as chin rest,

Velcro head strap or bite-bar) was necessary to minimise this source of inaccuracy.

2.21.1 Method

A model eye was constructed using an array of six light emitting diodes
(LEDs) set into a resin convex dome. The LEDs were connected to a transformer,
and a voltage applied to give a temperature similar to that of the anterior eye, but
without the dynamic influence of the tear film. The model eye was aligned with the
optical axis of the thermal camera (mounted on an optical bench) and the thermal
profile of the central cornea measured with the model eye-to-camera distance
altered in 1mm steps on an optic bench over a range of 45 to 75mm (Figure 2.6).
Pearson’s correlation coefficient was used to measure the relationship between

camera-model eye separation and recorded temperature.
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The coefficient of determination (r?=0.53) indicated a shared variance of 53%, i.e.
working distance helps to explain 53% of the variance in temperature. The range of

temperature recorded was 0.24°C over the principal focus +15mm, and 0.13°C
over £5mm.

2.2.1.3 Discussion

Increasing the separation between a radiation source and a detector will
result in an apparent loss of radiation and an increased level of camera defocus.
Therefore, it was expected that apparent temperature would decrease with
increasing separation from the camera. The observed changes in temperature with
varying eye-camera separation are small: over a range of £5mm (as might be
expected from patient stability when resting against a forehead and chin-rest), the
apparent change in temperature was approximately 0.1°C; the results suggest that

movement of the subject away from the camera has insignificant effect in contrast
to moving closer.

2.2.1.4 Conclusion

As the joystick control allows the thermal image to be kept in focus, it would
seem unnecessary to restrain the head of patients further with Velcro straps or a
bite-bar and these may indeed increase fatigue and discomfort, which in turn may
affect OST by altering blink rate and lacrimation.
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2.2.2
Effect of Room Adaptation

If prior to the measurement, a subject has been in a much warmer or colder
environment, it is logical that this could affect the assessment of ocular
temperature. In his work on anaesthetised rabbits, Schwartz ensured at least 35
minutes of room adaptation (Schwartz, 1965). Mapstone chose 15 minutes as a
suitable period of adaptation for his subjects: neither study gave specific reasons.
The "15 minute rule’ seems to have been followed in an arbitrary fashion by some
groups (Alio and Padron, 1982b; Gugleta et al., 1999), whilst others have not
mentioned this possible influence (Fatt and Chaston, 1980: Efron et al., 1988;
Efron et al., 1989). In one study, Rys&a and Sarvaranta found that both rabbit and
human corneas (n=12) stabilised after 20 minutes in the cold chamber (Rysa and
Sarvaranta, 1974), but in an earlier study (n=20) they showed that stabilisation
varied between human subjects from 20 to 45 minutes (Rysa and Sarvaranta,
1973). In his PhD thesis, Morgan examined the effect of room adaptation on static
temperature measures of 9 subjects who had previously been outside (at
approximately 6°C). He concluded that 18 minutes should be chosen as a suitable
adaptation period, despite considerable inter-subject variability with a protocol of
twenty minutes adaptation time before thermal measured adopted for all his

subsequent work (Morgan, 1994).

This study examined the adaptation period necessary for OST to stabilise in the

laboratory.

2.2.21 Method

Twelve subjects took part in the study (6M, 6F; age 27.7+3.9yrs). The
camera and laboratory set-up was as described in Chapter 2. Each subject entered
the laboratory (maintained at a temperature of 22.1+0.4°C) having been elsewhere
in the same building for at least 20 minutes (average building temperature
approximately 19+£3°C). Ocular surface temperature (OST) for the right eye was
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recorded (using the method described in section 2.1.4) every minute for fifteen
minutes. Temperature data was collected and analysed as described in section
2.1.4. Pearson’s correlation coefficient was used to compare average change in
central area OST over fifteen minutes and repeated measures analysis of variance
(ANOVA) was used to compare group mean values for significant change over
time.

2.2.2.2 Results
A strong positive correlation between adaptation time and mean OST for the
central area was observed (r=0.95, n=12, p<0.0005; figure 2.8).
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Correlation between central OST and adaptation time (error bars +1SD)
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The average difference in OST compared to baseline measures at fifteen minutes

was 1.120.7°C (n=12). Figure 2.9 shows the average change compared to baseline
at each minute for fifteen minutes (typical SD 0.6°C).
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Figure 2.9

Change in central OST compared to baseline, over 15 minutes.

Repeated measures ANOVA showed that time is a significant factor overall
(F=12.40; p<0.0001), and post hoc multiple comparisons analysis (Bonferroni)
revealed that significant differences exist at 0,1, 2, 3, 4, 5 and 6mins, but after 6
minutes mean OST showed no further significant difference. However, graphically

the results suggested some stabilisation occurs after 10 minutes.
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2.2.2.3 Discussion

The results suggested average OST (n=12) increased for 15 minutes after entering
the laboratory, but beyond 6 minutes, OST was not statistically significant different.
This rise in temperature was perhaps expected (Rysa and Sarvaranta, 1973:
Morgan, 1994), but the reasons why are likely to be a combination of the following:
e The anterior eye is kept cooler when subjects are mobile subject to
increased air flow (Freeman and Fatt, 1973), and becoming stationary in the
laboratory may encourage stabilisation.
e Body temperature changes with metabolic rate: when at rest a slowing
metabolism will cause a decrease in body temperature (Colquhoun, 1971).
e Adapting to laboratory conditions

2.2.2.4 Conclusion

A period of time is necessary to allow OST to stabilise to the environment of
the laboratory. The statistical results suggested a protocol of minimum 6 minutes
adaptation for subjects in the laboratory, but the graphical plot of suggested that 10
minutes was more appropriate. The additional requirement was that subjects had
been in the building for at least 20 minutes prior to this.

79



2.2.3

Repeatability of temperature measurement

There appears to be no reference to repeatability or reproducibility of the
measurement of OST in the published literature. Repeatable OST measurements
are essential if the findings are to be meaningful and also to allow consistency in
repeated-measure designs. Therefore, an experiment was designed in two parts:
Part A - to examine the repeatability of successive OST measurement: within-visit
repeatability is defined as the acquisition of test measurements obtained by the
same operator using the same method, equipment and subjects, within short time
intervals.

Part B - to examine the reproducibility of such measurements at separate sessions:
the between-visit reproducibility is defined as the acquisition of independent test
measurements obtained by the same operator, using the same method, equipment

and subjects, on different occasions

(with reference to British Standards Institution Accuracy (trueness and precision) of measurement
methods: basic methods for the determination of repeatability and reproducibility of a standard
measurement method. BS 1SO 5725 Part 2. London: British Standards Institute, 1994)

223
Part A - Within-visit Repeatability
22311 Method

OST was recorded (technique as described in section 2.1) in four healthy
subjects (2M, 2F; average age 28.25+ 2.6yrs), after at least 10 minutes adaptation
to the laboratory environment. Laboratory temperature was maintained at
21.1+0.4°C, humidity at 39+1%. Ten consecutive recordings were taken with the
subject encouraged to blink normally (to recover from any reflex tearing effect of
the ‘forced stare’) between each recording. Typically the separation between
recordings was approximately 10 seconds, resulting in an analysis period of 200s.
For each subject the average of the ten readings was calculated for initial OST

after a blink and the dynamic changes in OST after a blink. Squared deviations
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from the mean values were compared using a one-way repeated measures
analysis of variance (after Bland and Altman, 1986).

2.2.3.1.2 Results

Each subject demonstrated some degree of variation in initial OST with
repeated measure (Figure 2.10).
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Figure 2.10

Variation in central OST over 10 repeats (n=4)

The square of the deviations from the mean values for each subject are
shown in Table 2.1. The deviations around the first measures are significantly
different to the others (one-way repeated measures ANOVA F=2.44, n=4, p<0.05;

Fisher's PLSD p<0.05 for all pairwise comparisons).
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Squared difference between average OST (for ten repeats) and OST
at each measure
Subject | 1 2 3 4 5 6 7 8 9 |10
2 042 | 002| 000| 001 000| 001| 001] 002] 003 001
b 043| 001| 005| 003| 001| 001] 000| 005| 003| 004
e 0.02| 001! 004| 009| 012| 003 002| 003| 010] 0.09
3 0.33| 005 002| 000| 000| 003| 001| 005/ 008 009
average | 0.22| 0.02| 0.03| 0.03| 0.03| 0.02| 0.01| 0.04| 0.06] 0.06
SO | 019 0.02] 002 004] 006| 0.01] 0.01| 0.02| 0.03] 0.04
Table 2.1

Differences between average of 10 measures and each measure of OST (n=4)

Since it is conventional to average a finite number of consecutive measures

for analysis, the effects of cumulative averaging for each subject were calculated.

Figure 2.11 displays the variation in OST with repeat, where point 1 is the OST at

repeat 1, point 2 is the average OST of repeats 1 & 2, point 3 is the average OST

of repeats 1, 2 & 3, and so on.

Ocular surface temperature (°C)

38—l

37

36 -

35 -

W—H—f’H

—&— subjecta
—O— subject b
—w— subjectc
—7— subjectd

34

Figure 2.11 _
Variation in central OST (cumulative average) with repeated measure.

4

6

T

8

Number of repeats

82

10

12




The plot suggests that averaging more than 3 or 4 repeats is similar to

averaging more (up to ten). Therefore, the average of the first three repeats was

compared to the successive measures of OST to assess repeatability: no

significant difference was found (one-way repeated measures ANOVA F=1.93,
n=4, p=0.12).

The magnitude of post-blink cooling was calculated for each repeat was
calculated (Figure 2.12). The deviations around the mean for each subject were
compared within a one-way, repeated measure ANOVA: no significant differences
were found (F=1.21, p=0.38). Interpretation of the graphical plot suggested that
comparing the average of the first three to successive measures was more
appropriate from the graphical plot: there was still no significant difference (F=0.98,
n=4, p=0.47).
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Similarly the rate of post-blink cooling was compared over repeated
measure, using the values for % lives, i.e. the time taken (seconds) for % the
amount of post-blink cooling to occur (Figure 2.13).
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Figure 2.13

Variation in time taken to reach % the amount of post-blink cooling upon repeated
measure, for four subjects

The deviations around the mean of ten repeats showed no significant
difference between them (F=1.48, n=4, p=0.20). As expected, comparing the
average of the first three to the successive measures also showed no significant
difference (F=0.75, n=4, p=0.63).

2.2.3.1.3 Discussion
The results show that variation with repeated measurements of OST at a

single session is initially large, but repeatability becomes acceptable if at least the

first three successive measures are averaged.
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2.2.3.2
Part B - Between-visit Repeatability
2.23.21  Method

Fourteen different subjects were recruited for this experiment (5M, OF;
average age 24.8+3.8yrs). The OST of each subject was recorded (as described in
section 2.1) weekly over a five week period, at the same time of day, and with
laboratory conditions kept constant (temperature: 20.3+1.0°C; humidity: 39+2%).
Each subject was adapted to the laboratory conditions for 10 minutes prior to
recording, and the average of three measures was taken.

2.2.3.2.2 Results

Most subjects displayed considerable variability in central OST (Figure 2.14)
over the five week period: standard deviations ranged from 0.1 to 2.1°C. One-way
repeated measures ANOVA exposed significant differences between recordings
(F=3.00, n=14, p<0.05): post-hoc analysis (Tukey-Kramer) showed that the most
significant variation occurred between weeks 1 and 2.
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Inter-session variability in central OST for subjects aton
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22323 Discussion

The reproducibility between sessions for individuals is poor, with significant
differences evident, especially between early sessions. Although lack of statistical
significance suggests that the magnitude and rate of cooling is more reproducible
than initial OST, standard deviations are still relatively large for theses measures.

It is feasible that there is a subject learning effect which is at least partly
responsible for these results: the subjects may have taken time to settle to the
blinking regime required for data collection and this inexperience with the
procedure may explain significant differences between first and second sessions.
Other possible explanations for wide inter-session variability (despite
environmental controls and room adaptation) would include individual variation in
well-being having a transient effect on blood flow and circulation, and seasonal or
isolated changes in tear film quality and/or quantity.

2.2.3.3 Conclusions

OST measurements for a single subject are repeatable if the first three
readings are averaged.

Observations of OST for an individual on separate occasions are less
reproducible, but this might be improved with training and/or rigorous subject
selection. If repeated measures of the same subjects for different conditions are

required, then a new ‘baseline’ is necessary at each visit for reference.
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2.2.4
Effect of time of day

There is evidence in the literature of diurnal variations in parameters that
might affect OST.

- Human body temperature is at its lowest on waking and reaches a maximum
late afternoon (Colquhoun, 1971)

- For the average patient, tear film stability is poorest in the early morning,
and tends to improve to an equilibrium level between 10 am and 12 noon
(Patel et al. 1988).

- Corneal thickness decreases rapidly on waking, and assumes a stable value
after a couple of hours, although some studies have reported a cyclical
variation, where a further but slower decrease occurs in the afternoon
(Doughty et al. 2000).

- It is thought that blood flow to the eye and aqueous humour dynamics
should affect ocular temperature (Mapstone 1968b; Wachtmeister 1970):
intraocular pressure increases from waking to midday, after which it falls to
reach a minimum by late afternoon (Pointer 1999).

Early studies in ocular thermometry collected data in the afternoon, but no
rationale for this protocol was stated (Schwartz 1965; Mapstone 1968a, 1968b,
1968c, 1968d). Schwartz (Schwartz et al. 1968) reported a dependency on time of
day in a study of 131 subjects, but the results were not presented. Morgan (Morgan
1994) investigated the diurnal variations of OST in two subjects every hour over an
11 hour period. After applying a corrective factor to allow for the ambient rise in
room temperature, both subjects showed a maximum temperature when it was first
measured in the morning, falling to a minimum late morning (11am) and reaching a
more constant level throughout the afternoon and evening. Applying this to his
further work, Morgan avoided the first two hours after waking, to collect data. In
1998, Du Toit and colleagues (Du Toit et al. 1998) found OST was 1.1°C higher in
the morning and seemed to return to baseline after 2pm (n=20).

This study was designed to determine any diurnal variation in dynamic OST.
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2.24.1 Method

The OST of 18 subjects (average age 28+6.3yrs; gender 9 M, 9F: right eyes
only) was recorded at three different times of day: 10am, 1pm and 4pm. The
procedure at each visit was as described in section 2.1, with 10 minutes adaptation
prior to 3 repeated measures at each visit (section 2.2.2 and 2.2.3). Results were
averaged and group means were compared using one-way repeated measures
ANOVA with post-hoc comparisons.

2.2.4.2 Results
The OST for all subjects throughout the day is shown in Figure 2.16: OST
increased throughout the day in twelve of the eighteen (66.7%) subjects.
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Variation in OST with time of day (n=18)
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2.24.4 Conclusion
OST increases throughout the day for nearly all subjects, and is most likely
to be highest in the afternoon.
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225
Effect of eye rubbing/ contact

A study was conducted to examine whether the rationale of instructing
subjects to refrain from rubbing or contacting their eyes during experiments was
valid. It was felt an increase in OST might result from such action.

2.2.5.1 Method

Part 1: Effect of vigorous rubbing

Three healthy volunteers (3F age 27.7+3.8yrs) had the OST of their right eye
measured using the technique described in section 2.1, during a single laboratory
session. All subjects had room adapted for at least 10 minutes prior to
measurement. Three readings were taken as a preliminary measure; subjects were
then asked to deliberately rub their closed eye three times with the knuckles of
their right index finger, and then three more recordings of OST were taken. The
main features of pre- and post-rub OST were calculated using the methods
described in section 2.1.3, and Student’'s paired t-test was used to analyse any
differences found.

Part 2: Effect of eye contact

Three healthy experienced soft contact lens wearing volunteers (2F, 1M,
25.3+0.6yrs; worn hydrogel lenses for >1yr) had the OST of their right eye
measured using the technique described in Section 2.1, during a single laboratory
session. None had worn lenses for at least 24 hours. All subjects had room
adapted for at least 10 minutes prior to measurement. Three readings were taken
as a preliminary measure; then subjects were asked to make the same pincer-like
action to contact their eye as if they were removing a hydrogel contact lens. The
main features of pre- and post-contact OST were calculated using the methods
described in section 2.1.3, and Student’s paired t-test was used to analyse any

differences found.
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2.25.2 Results
Part 1: Effect of vigorous rubbing

An increase in OST was observed in all subjects after rubbing: the average change

in OST was +0.21+0.16°C. Student'’s paired t-test (one tailed) showed the change
approached significance (p=0.08).
Part 2: Effect of eye contact

Two subjects showed a no increase in OST after eye contact: the average change

in OST was+0.06+0.39°C. Student’s paired t-test (one tailed) showed the change
was insignificant (p=0.41).

2.2.5.3 Conclusion

Despite the small numbers, the results indicate that procedures less invasive
than eye contact such as insertion and removal of a contact lens and wiping away

a tear should not significantly affect thermography results, but that extensive eye
rubbing should be discouraged.
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2.2.6

Effect of room temperature

Thermal gradient and equilibrium principles dictate that the rate at which the
ocular surface will lose heat to the surrounding environment is related to the
prevailing room temperature. Previous studies on OST have attempted to maintain
stable room temperatures during experiments; some studies have examined
changes in OST with room temperature:

* Inrabbit eyes: 0.23°C change in ocular temperature accompanied a 1°C rise
in environmental temperature (Schwartz, 1965)

* In 4 human subjects, measured 17 times over an 8 week period, a mean fall
in OST of 0.145°C per degree decrease in environmental temperature over
the range of 18-27°C was found (Mapstone, 1968b).

= Kolstad (Kolstad, 1970) demonstrated a reduction in corneal temperature
(glass probe thermistor) with cold conditions (n=2).

= Two studies in the 70s observed an essentially linear decrease with ambient
temperature drop, despite using very different methods (Freeman and Fatt,
1973; Rysa and Sarvaranta, 1974).

* Hogrven showed a positive correlation between room temperature and
corneal temperature using thermistors on 40 subjects (Horven, 1975)

= More recently, Hata and colleagues observed temperature decrease in cool
conditions (Hata et al., 1994).

* Morgan observed the change in corneal temperature in one subject over a
range of 21.7-30.4°C, and found a rate of change of 0.21°C per degree rise
in room temperature (Morgan, 1994).

A strong correlation has been observed between body temperature and OST (see
section 1.5.2.3), and there is a link between room temperature and body
temperature (Colquhoun, 1971). As the temperature could be controlled within
<+1°C in our laboratory set-up and there is strong previous evidence to suggest
this will result in an ocular surface variation of <0.2°C no further experimentation

over a range of temperatures was undertaken in this thesis.
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2.3 Experimental Protocol

The review of the available literature and the studies in section 2.2 led to the

development of a protocol for measurement of OST:

vi.

Vii.

Subjects all attended at similar times of day (x 1 hour).

Room temperature and humidity were controlled within +1°C/+1% and
recorded.

Subjects were allowed to adapt to room conditions for at least 10
minutes and they had to have been in the building for at least the
previous 20 minutes.

The average of at least three consecutive measures was calculated for a
subject.

If repeated measures of the same subjects under different conditions
were required, then a new ‘baseline’ recording was made at each visit for
reference.

Subjects were asked to blink normally and when instructed, to conduct
one last normal blink, and then keep their eye open for eight seconds
(time monitored by the examiner). A period of natural blinking (10-15
seconds) was encouraged in between recordings.

Data collection and analysis was via Labview programming and
Microsoft Excel (section 2.1.4). The term ‘initial OST' refers to the
temperature calculated just after a blink; other parameters recorded were
the dynamic information about the change in OST post-blink (amount,
rate). This data was recorded from twenty three points across the
anterior eye, with the facility to be grouped into five main areas.

This protocol was used throughout the studies in this thesis.
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CHAPTER 3

THE INFLUENCE OF PHYSICAL PROPERTIES OF THE
ANTERIOR EYE AND THE TEAR FILM ON OST

3.1 Introduction
3.2 Methods

3.3 Results

3.4 Discussion

3.5 Conclusions

3.1 Introduction

The source of the thermal radiation from the anterior eye is ambiguous and
has been subject to assumptions about the thermal properties of the anterior eye
(Chapter 1.3.2). It has been established that the media of the human eye absorb
and emit infrared radiation efficiently, in a similar way to water (van den Berg and
Spekreijse, 1997); particularly infrared wavelengths above 2.3um (Lerman, 1980).
The crystalline lens is known to have lower thermal conductivity and prevents
significant heat flow from the posterior to the anterior regions of the eye (Scott,
1988). Studies have suggested that the measured temperature is essentially that of
the tears (Hamano et al., 1969; Fatt and Chaston, 1980; Morgan et al., 1993), and
only where the tears are absent will the radiation detected be that from the cornea
itself: supported by a finite model of heat transport that calculates the temperature
of the cornea to be less than that of tears (Scott, 1988). However, tear film
thickness is still under debate (Korb et al., 2002) with values in the literature
varying between 3um (King-Smith et al., 2000) and 40pm (Prydal et al., 1992):
Hamano’s work suggests that a tear film thickness of 20um or more will exhibit
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100% absorption and emission of infrared radiation (i.e. the cornea will have little
direct influence on measured radiation), whereas a tear film thickness of 10pm will
absorb 80%, and 4um will absorb 55% (Hamano et al., 1969). Thermal conductivity
of the conjunctiva and sclera will be less than that of the cornea due to lower water
content (Scott, 1988). It is logical to seek to further establish these ideas with the
benefit of the latest thermo-camera technology.

Ocular temperature has been shown by several groups to correlate well with
body temperature when measured aurally and orally (Schwartz, 1965: Schwartz et
al., 1968; Mapstone, 1968b; Freeman and Fatt, 1973; Rysa and Sarvaranta, 1974;
Horven, 1975; Morgan et al., 1993; Girardin et al., 1999), but there are few studies
concerned with the influence of physical properties of the eye on OST as
measured by infrared thermography.

Steeper corneas have been shown to have steeper thermal gradients across
the ocular surface (Morgan et al., 1993), and negative correlations have been
reported between corneal thickness and OST (Morgan, 1994; Du Toit et al., 1998).
In cold stress studies, OST was shown to be slower to respond in eyes with deeper
anterior chambers, and it was suggested that a greater volume of aqueous slows
the internal effect of the fall in body temperature reaching the anterior eye (Rysa
and Sarvaranta, 1973). However, a larger study showed no correlation between
anterior chamber depth and OST (Morgan et al., 1993). Dry eye subjects have
been shown to exhibit lower central OST and greater temperature gradients across
the ocular surface compared to normals (Morgan et al., 1995). Rapid cooling of the
tear film in dry eyes has been shown to related to reduced tear film stability and
increased rate of evaporation (Morgan et al., 1996; Craig et al., 2000). There have
been no reports of the use of tear meniscus height measurement in connection
with OST, despite it being considered a useful subjective or objective assessment
of tear volume (Korb, 2000).

The purpose of this study was to determine the relationships between the

physical parameters (corneal thickness, corneal topography, bulbar hyperaemia
and tear film stability) of the anterior eye and OST in a group of normals.
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3.2 Methods

The right eyes of twenty-five young volunteers were used in this study (10

male, 15 female; mean age 27.1+3.8yrs). Inclusion criteria specified that all
subjects had:

a) no history of eye disease
b) no contact lens wear for at least 48 hours
c) good general health and well-being

d) no dry eye symptoms (itchiness, grittiness, etc)

Subjects were requested not to wear eye make-up or to rub their eyes prior to or
during the data collection. Full ethical approval from the university was granted
prior to commencement of the study and informed consent was obtained from
every subject. All procedures conformed to the tenets of the Declaration of
Helsinki. Subjects attended randomly, for a single session, and measurements
were made only on the right eye (as characteristics between eyes are known to be
related), and in the same sequence for each subject:

Temperature

OST was measured using the Thermo Tracer TH7102MX, method as
described in Chapter 2.1. Measurements were taken with (a) geometric corneal
centre aligned with the camera, and (b) with the subject fixating on a target to their
left so that the temporal bulbar conjunctiva aligned with the camera. Temperature
measurements took place within a controlled environment (room temperature
21.4+0.2°C, humidity 39+1%. Subjects were required to room adapt for at least 10
minutes prior to imaging: during this period subjects practised the required blinking
technique. The peak in OST following a blink, the change in OST over 8 seconds
and the rate of such change was calculated. A reference to body temperature was
taken by recording the radiated temperature on the forehead just above the root of
the nose, for each subject (the recommended stable reference point by the
International Medical Academy for Thermography (IMAT,

www.imat.org/im/thn1us/litcrt1.htm).
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Tear film & bulbar hyperaemia assessment

Digital images of the temporal bulbar conjunctiva, and the tear meniscus
height (TMH) at centre of lower lid margin were recorded immediately after blinking
using a slit-lamp biomicroscope camera system (Topcon SL7F with JVC KY F58
3CCD colour video camera). Resolution, illumination properties, and magnification
were kept constant between subjects (x10 magnification, viewing angle 60° for
bulbar conjunctiva; 40x magnification, 0° viewing angle for TMH). Custom designed
software using Labview (NI Instruments, USA) allowed objective image analysis of
the images to quantify bulbar hyperaemia, and (TMH) (Wolffsohn and Purslow,
2003). Non-invasive tear break-up time (NIBUT) was measured (5 repeated
measures) using a Tearscope®: the break in the tear film was determined and
timed when subjects are asked to blink and hold their eye open.

Comneal parameters

Average corneal curvature (anterior surface), corneal thickness and anterior
chamber depth (ACD) were assessed using Orbscan |I® (average of three scans
calculated). The Orbscan [l topography system (Bausch & Lomb) uses the lateral
displacement of 2 slit beams and a video camera. It takes several images of
different corneal sections for 3-dimensional reconstruction of corneal tissue,
mapping the anterior and posterior corneal surfaces as well as the full corneal
thickness. The anterior chamber depth is calculated from information about the
position of the anterior lens surface. Orbscan was selected as the chosen method
for corneal thickness measurement because it allowed corneal thickness to be
calculated at locations that could be exactly corresponded with the temperature

recording points of the thermo-camera (Chapter 2.1.3).

Given the findings from the literature (Chapter 1.4), the hypothesis was that
initial OST and/or dynamic changes in OST following a blink would be most related
to stability of the tear film and less related to physical characteristics of the anterior

eye.
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3.3 Results

Multiple regression analysis was used to calculate Pearson correlations
between independent variables (NIBUT, TMH, conjunctival redness, ACD, corneal
thickness, forehead temperature, average curvature/K) and the OST parameters
measured (initial OST, and change in OST post-blink), for each area across the
anterior eye. Standardised coefficients were calculated to compare the relative
contribution of each independent variable, and then hierarchal regression analysis
was used to explore the contribution of selected variables as appropriate.

For ease, the results have been grouped into initial OST (3.3.1), post-blink
change in OST (3.3.2), and rate of post-blink change (3.3.3), and then the
significant results presented by area.

3.3.1 Initial OST
There was a strong positive correlation between initial OST and forehead
temperature (average 35.63+0.91°C) in all areas (Table 3.1).

AREn | e | igifcance
CENTRAL 0.73 p<0.0005
NASAL 0.66 p<0.0005
SUPERIOR 0.71 p<0.0005
INFERIOR 0.72 p<0.0005
TEMPORAL 0.71 p<0.0005

Table 3.1
Correlations between initial OST and forehead temperature, in all areas (n=25)

In a regression model including all the parameters measured in the study,
forehead temperature was the most significant influence on initial OST in all areas.
Consequently, it was decided to remove this variable for subsequent regression
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modelling so that the influence of anterior eye parameters alone could be
examined in each area.

Table 3.2 shows the correlation matrix between initial OST and the
remaining independent variables, with the significant relationships highlighted. A
negative correlation between corneal thickness and initial OST was observed in all
areas but was not statistically significant. The correlation between thermal
gradients (i.e. nasal OST minus central OST, and temporal OST minus central

OST), and average corneal curvature was insignificant (nasally: r=0.23, p=0.26;
temporally r=0.08, p=0.72)
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3.3.1.1 Central area

Negative correlations were found between initial central OST and NIBUT (r=

-0.50, n=25, p<0.005), and average corneal curvature (r= -0.41, p<0.05; Figure

3.1).

40
35 1 ®
301
25
20 -
15 A

10

Non-invasive break-up time (secs)

32 33 34 35 36 37 38

Central ocular surface temperature (°C)

48 4

- ?=0.17

46 -

Average corneal curvature (dioptres)

32 33 34 35 36 37 38

Central ocular surface temperature (°C)

39

39

Figure 3.1

Correlation between initial
central OST and NIBUT
and average K

initial OST in the central area was significantly correlated with the model
including all the variables (r?=0.50, F=2.96, p<0.05). Using hierarchal regression
modelling, NIBUT (standardised coefficient= -0.51, p<0.01) accounted for 25.3% of
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the variance and average corneal curvature (standardised coefficient= -0.43,
p<0.05) accounted for 17.4% of the variance in initial OST. When these two
variables were controlled for, the remaining (central thickness, conjunctival
redness, ACD and TMH, in descending order of influence) explained only 7.2% of
the variance (p=0.73).

3.3.1.2 Nasal area

Similar individual correlations were found in the nasal limbal area between
Initial OST and NIBUT (r= -0.48, n=25, p<0.01), and between OST and average
corneal curvature (r= -0.38, n=25, p<0.05).

The complete group of variables accounted for 45.3% of the variance in OST
but this only approached significance (F=2.95, p=0.08).

NIBUT (standardised coefficient=-0.48) and average corneal curvature
(standardised coefficient=-0.40) and accounted for a significant 22.5% (p<0.05)
and 15.8% (p<0.05) of the variance, respectively. The remaining variables
accounting for 7.9% (p=0.63) and followed the same order of influence as for the
central area.

3.3.1.3 Superior area

Again, in the nasal limbal area the only significant individual correlations
with initial OST were observed with NIBUT (r= -0.59, n=25, p<0.005), and average
corneal curvature (r= -0.36, n=25, p<0.05).

The complete group of variables accounted for 39.2% of the variance in OST
(F=3.58, p<0.05).

NIBUT (standardised coefficient= -0.59) accounted for a significant 35.3%
(p<0.005), and average corneal curvature (standardised coefficient= 0.38)
accounted for 14.5% (p<0.05) of the variance. The remaining variables accounting
for 4.5% (p=0.77): the individual influences being small and insignificant (in

descending order: ACD, corneal thickness, redness, TMH).
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3.3.1.4 Inferior area

Similar individual correlations were found in the inferior limbal area between
Initial OST and NIBUT (r= -0.44, n=25, p<0.05), and between OST and average
corneal curvature (r= -0.40, n=25, p<0.05).

The complete group of variables accounted for 45.5% of the variance in OST
but this only approached significance (F=2.51, p=0.06).

NIBUT (standardised coefficient=0.45) and average corneal curvature
(standardised coefficient=0.42) and accounted for a significant 19.1% (p<0.05) and
17.3% (p<0.05) of the variance, respectively. The remaining variables accounting
for 9.1% (p=0.57); the descending order of influence being: ACD, redness, corneal
thickness and TMH.

3.3.1.5 Temporal area

Negative correlations were found between initial temporal OST and NIBUT
(r=-0.51, n=25, p<0.005), and average corneal curvature (r= -0.41, p<0.05).

Initial OST was significantly correlated with the variables (r?=0.50, F=2.98,
p<0.05). Using hierarchal regression modelling, NIBUT (standardised coefficient= -
0.51, p<0.01) accounted for 26.1% of the variance and average corneal curvature
(standardised coefficient=-0.42, p<0.05) accounted for 17.8% of the variance in
initial OST. When these two variables were controlled for, the remaining (ACD,
conjunctival redness, central thickness, and TMH, in descending order of influence)

explained only 6.0% of the variance (p=0.71).

3.3.2 Post-blink change in OST

The change in OST over 8s after a blink was calculated for each area and
the correlation between parameters analysed. The individual Pearson's
correlations are shown in Table 3.3.

There was a significant negative correlation between NIBUT and magnitude
of post-blink change in OST in the superior area (r= -0.62, n=25, p<0.05). No other
significant relationships were observed in any of the remaining areas between the
amount of post-blink cooling and the variables measured (0.21>r*>0.39, n=25,

0.21>p>0.66).
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3.3.3 Rate of Post-blink change in OST

Table 3.4 shows the correlation coefficients between the rate of temperature
change over 8 seconds (using 2 life values, i.e. the time taken for % the amount of
post-blink cooling to occur), and the other physical parameters measured in this
study.

In central and temporal areas, the results suggested a significant positive
correlation between NIBUT and the time taken to reach % life values (r>=0.16,
p<0.05 and r?=0.26, p<0.05, respectively).

In the nasal area, objective redness score demonstrated a significant
positive correlation with the time taken to reach ¥ life values (r?=0.37, p<0.001). In
central, superior and inferior areas this relationship approached significance
(p=0.06). Nasal corneal thickness also appeared significantly correlated (r=0.41,

p<0.05), but within the regression model its effect was insignificant (r*=0.05,
p=0.20).
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3.4 Discussion

The results support previous theories that OST measured by infrared
thermography is principally influenced by the tear film and body temperature
(Mapstone, 1968b). The strong correlation between body temperature and OST
found in this study supports previous research (Schwartz, 1965: Schwartz et al.,
1968; Mapstone, 1968b; Freeman and Fatt, 1973; Rysa and Sarvaranta, 1974:
Horven, 1975; Morgan et al., 1993; Girardin et al., 1999).

The initial measure of OST (0.2s after a blink) appears to be negatively
correlated with NIBUT (the stronger relationship), and average corneal curvature in
all areas across the anterior eye.

Eyes with steeper corneas appeared to be cooler centrally: possibly the blink
action is less efficient at spreading warm tears over a steeper, more ‘exposed’
cornea: where tears are thinner the temperature recorded will be closer to that of
the cornea, which should be cooler than that of tears (Hamano et al., 1969, Scott,
1988). This study demonstrated a similar relationship between nasal thermal
gradient and corneal curvature to an earlier larger study (r=0.23 compared with
r=0.28 (Morgan et al., 1993), but it was not significant statistically. Weak
correlations were also observed between corneal curvature and the amount and
rate of post-blink change, but these were not statistically significant. This may
relate to a discrepancy between when the OST is measured and the scanning
technique of Orbscan: blinking and the resultant tear layer distribution can
significantly influence topographic images (Nemeth et al., 2001).

Eyes with lower initial OST tended to have longer tear break-up times, i.e. a
more stable tear film. This appears at odds with a previous suggestion that OST
will be less in dry eye patients with decreased tear film stability due to deficient lipid
layer (Craig et al., 2000). However, in that study OST was recorded 4-5 seconds
following a blink rather than immediately (0.2s), as in this study, and dry eyes have
been shown to cool rapidly after a blink (Morgan et al., 1996). Another study has
described dry eyes with greater OST on eye opening (Morgan et al., 1996). A lower
initial OST may result from a more stable tear film having different emissivity
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properties to a less stable one, possibly due to lipid content, or conversely, a
longer break-up time may result from a cooler eye having slower rates of heat
exchange via radiation and evaporation (Newton’s Law of Cooling (Lerner, 1996).
The latter idea is supported by the results from this study that suggest a tendency
for eyes with longer NIBUT to exhibit smaller and slower temperature changes over
the eight seconds following a blink. A fall in OST following a blink (as the warm
tears thin and evaporate) is widely accepted (Efron et al., 1989; Morgan, 1994,
Morgan et al., 1995), so it might be anticipated that increased tear film stability
(longer NIBUT) will produce a smaller and slower change in OST between
subjects. Previous work has found correlations between quality of the tear film and
cooling post-blink: lipid-deficient dry eyes (increased evaporation) showed faster
cooling (Morgan et al., 1996; Craig, 1997), and aqueous-deficient dry eyes
demonstrated slower cooling (Mori et al., 1997). In this study, positive correlations
were observed between time taken to reach % life values and NIBUT, i.e. as
NIBUT increased, the time taken for cooling to occur tended to increase.

The results show little support for the idea that ocular temperature increases
when blood flow to the anterior eye increases, or when the anterior eye is inflamed
(Mapstone, 1968b, 1968d; Mikesell, 1978, Morgan et al., 1993). Previously, a
positive correlation has been demonstrated with the McMonnie scale of bulbar
redness (Efron et al., 1988), and between maximum OST and duration of ciliary
injection (Mapstone, 1968b). This may have arisen because the range of redness
in the subjects in this study was narrow, even though a sensitive technique of
objective grading was used (Wolffsohn and Purslow, 2003). The results suggested
a positive correlation between bulbar redness and the time taken to reach %: life
values in the nasal area: possible reasons for this may be a prolonged warming
effect due to such hyperaemia, as well as possible uneven surface to hyperaemic
areas of the conjunctiva.

Although not statistically significant, the trend for a negative correlation
between corneal thickness and initial OST was seen in all areas, supporting
previous findings (Morgan, 1994; Du Toit et al., 1998).

The number of reports about the influence of anterior chamber depth (ACD)
on OST are few and conflicting (Rysa and Sarvaranta, 1974; Morgan et al., 1993):

the results from this study show no significant relationship.
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TMH has been considered by some workers to be an indirect measure of
tear volume (Doughty et al., 2002), and subjective estimation of the tear meniscus
has been considered a determinant of tear film stability (Khurana et al., 1991). Itis
perhaps surprising that no significant correlation between TMH and initial OST or
post-blink change in OST, was observed in this study. However, some subjects in
this study exhibited a TMH>0.3mm which could indicate slight reflex tearing

(Doughty et al., 2002), possibly as a result of the illumination necessary for
photography.

3.5 Conclusions

The results provide further information about the source of OST measured
by infrared thermography: they help to further establish the idea that OST
measured by infrared thermography is principally that of the tear film and that it will
be related to parameters such as corneal curvature, rather than corneal thickness
and anterior chamber depth.
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CHAPTER 4

DYNAMIC OBSERVATIONS OF OST

41 Introduction
4.2 Methods

4.3 Results

4.4 Discussion

4.5 Conclusions

4.1 Introduction

Chapter 3 added further support to the model of OST being principally
influenced by the tear film. As such, OST measured by infrared thermography will
be affected by the dynamic nature of the tear film (Mapstone, 1968b; Craig et al.,
2000), and it has been recognised that the ability to study OST in real time would
be advantageous (Morgan et al., 1995). In previous studies, measurement of OST
has taken the form of a static value taken at a certain time after eye opening (Alio
and Padron, 1982a; Efron et al., 1989; Morgan et al., 1993; Girardin et al., 1999).
As the eyelid closes, the ocular surface is juxtaposed with the vascular palpebral
conjunctiva and exposed to fresh tears from the lacrimal gland. An initial rise in
OST followed by a rapid decrease as heat is lost by convection and radiation has
been observed; the initial temperature peak seems to be greater with forceful
blinking (Morgan, 1994): lacrimal secretion increases under forced blink conditions
(Doane, 1981) and the globe rotates upwards during a long blink compared to a
short one (Vandersteen et al., 1984).

Quantifying the rate of cooling in OST after a blink has previously been
limited to a series of static measures over prolonged periods of forced open eye
conditions, due to the prevailing technology (Mapstone, 1968b; Efron et al., 1989).
Subjects whose ‘corneas’ cooled more slowly had greater inter-blink intervals
(Efron et al., 1989). The cornea possesses specific thermal receptors and it has
been suggested that the detection of the tear film cooling is part of the blink
process (Murphy et al, 1999; Murphy et al, 2001). Morgan and colleagues
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(Morgan et al., 1996) were able to show that the rate of cooling in OST was greater
in ‘dry eyes’ (static measures taken every second over an 8 second period).
Greater values for initial mean OST (across the entire ocular surface) and

increased rates of evaporation observed in dry eyes were suggested as
explanations for this observation.

The existence of a characteristic thermal profile across the ocular surface is
well-established (Alio and Padron, 1982a; Efron et al., 1989; Morgan et al., 1993),
but temporal changes in this profile have received little attention. It has been
observed that dry eyes generally show greater differences in OST between central
and limbal areas that are less stable (Morgan et al., 1995; Craig et al., 2000).
Rationalising the thermal profile has previously centred on the differential warming
of the tear film by adjacent ocular structures, but there appears to have been little
attention to the influence of tear flow dynamics on OST profiles in the literature.
Novel techniques such as high speed video (Owens and Phillips, 2001) and
videotopographic systems (Nemeth et al., 2002; Goto et al., 2003) have been used
to quantify tear film spreading rates but no connection has been made with
dynamic changes in OST.

No significant gender effect on static measures of OST has been observed
in previously (Schwartz et al., 1968; Horven, 1975; Alio and Padron, 1982b;
Morgan, 1994), but these studies employed a wide age range of subjects. Gender
differences in tear film physiology exist according to the age of subjects
considered: a lower tear osmolality has been observed in young females compared
to young males, attributed to increased tear flow (reflex secretion) leading to
relatively hypotonic tears (Craig and Tomlinson, 1995). No significant gender
differences in evaporation or stability have been found (Craig and Tomlinson,
1998: Patel et al., 2000). Dynamic measures of OST post-blink with respect to

gender have not yet been examined.

This study was designed to examine dynamic changes in OST across the
ocular surface in a large sample of the population using dynamic infrared

thermography, and to relate such findings to relevant ocular physiology.
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4.2 Methods

The right eyes of 200 young volunteers were used in this study (85 male;
115 female; mean age 26.6+4.1yrs). Inclusion criteria specified that all subjects
had:
a) no history of eye disease
b) no contact lens wear for at least 48 hours
c) good general health and well-being

d) no dry eye symptoms (itchiness, grittiness, etc)

Full ethical approval from the university was granted prior to commencement of the
study and informed consent was obtained from every subject. All procedures
conformed to the tenets of the Declaration of Helsinki. Subjects were requested not
to wear eye make-up or to rub their eyes prior to or during the data collection.
Subjects attended randomly, for a single session, and between 10am and 12noon:
section 2.2.3 demonstrated no significant differences in OST measurements taken
at these times (p=0.36). In accordance with the conclusions of section 2.2, each
subject was allowed to adapt to room temperature for at least 10 minutes before
OST of the right eye was recorded 3 consecutive times. Experimental set-up and
collection of data was as previously described (section 2.1): room temperature and
humidity were controlled at 21+0.6°C and 40+2%. Subjects were required to blink
normally and hold their eye open for eight seconds on measurement (easily
achieved by subjects). Data collection and analysis was as described in section
2.1.4. The initial OST, the decrease in OST over the eight seconds and the time
taken to reach %, ¥ and % of this decrease, were calculated in order to describe
the dynamic profile of the OST across the anterior eye surface (figure 4.1).

Mean values for these parameters of OST were calculated for the five areas
and examined for correlations and differences: Pearson’s correlation coefficient
and analysis of variance were used. Gender differences were also compared using
non-parametric statistical testing (Mann-Whitney U test). Differences between
central and nasal & temporal areas were calculated in order to describe nasal &

temporal thermal gradients.
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Typical temporal change in OST with blinking, showing reference points selected
for analysis
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4.3 Results

Table 4.1 shows the mean results for parameters of OST across five areas
of the ocular surface: initial OST (0.2s after a blink), change in OST following a
blink (after 8s), and the time taken to achieve %, % and % of the post-blink

temperature change.

Rate of decrease in OST post blink
Initial OST Change in OST (secondst1sd)
AREA (0.2s aftera | over 8s following
blink) a blink Ya of post- | Yz of post- | % of post-
(°C £ 1sd) (°C £ 1sd) blink blink blink
change change change
CENTRAL | 36.67 +1.3 -0.68 0.5 0.9+1.0 1.7+1.1 3.521.2
NASAL SC.01+1.3 -0.44 04 1.341.3 2.1+1.4 37412
SUPERIOR | 36.71 +1.4 -0.44 +05 1.6+1.6 2.4+16 3.7+1.5
INFERIOR | 36.71 +1.4 -0.24 05 1.921.7 2.8+1.7 41115
TEMPORAL | 36.66 1.5 -0.40 +05 1.8+16 2.7+1.7 42412
Table 4.1

Mean OST parameters in five regions of the ocular surface of the right eye (n=200)

4.3.1 Initial OST

Central and temporal limbal areas appeared coolest, and the nasal limbal
area warmest, but there was no statistically significant difference in initial OST
across the five areas of the ocular surface (F=2.15; p=0.07). Figure 4.2 shows the
frequency distribution of initial OST (n=200), for the five regions of the ocular
surface. Kolmogorov-Smirnov statistics confirmed normality of the distributions in
all areas (p=0.20). Initial OST of the central area was strongly correlated with other

regions of the anterior eye (0.95<r’<0.98; Figures 4.3 & 4.4).
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Correlation of initial OST between central and nasal & superior areas (n=200)
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Correlation of initial OST between central and temporal & inferior areas (n=200)

119



4.3.2 Post-blink OST, after 8 seconds

A significant decrease in OST 8 seconds after a blink was observed in all areas
(Student's paired t-test: 7.15<'T-value’'<18.55; <p<0.0005). The central OST after 8
seconds was still strongly correlated with all other areas (0.94<r<0.98). The amount of
post-blink decrease was significantly different between areas (ANOVA: F=21.68,

n=200, p<0.0001), with the central area showing the greatest decrease after 8
seconds (Scheffe; p<0.0001 — Table 4.2 & Figure 4.5).

; Mean ocular surface

Region of ocular Mean decr:zggr:ZSOST QVer:d temperature,

surface = 8 seconds after a blink (°C
(°C = 1sd) 1sd)

CENTRAL -0.68 +0.5°C 35.99 +1.4°C

NASAL -0.44 +0.4°C 36.57 +1.4°C

SUPERIOR -0.44 +0.5°C 36.27 £1.5°C

INFERIOR -0.24 +0.5°C 36.47 £1.4°C

TEMPORAL -0.40 £0.5°C 36.26 +1.6°C

Table 4.2

OST across the ocular surface, eight seconds after a blink (n=200)

w
Lo ]
1

= initial OST
after 8s

38 A i ] -

37 4

36

35 A

ocular surface temperature (°C)

temporal superior central inferior

Figure 4.5
Cr?ange in OST over 8seconds following a blink, across the areas of the ocular

surface (n=200)
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There was a weak correlation between the initial OST and the magnitude of change in
OST over 8 seconds, in any of the five areas (0.05<r<0.20; Figures 4.6 & 4.7).

w
]

r=0.20; p<0.01

Decrease in central OST over 8 seconds (OC)

32 34 36 BIB 4I0 4‘2
Central initial OST (°C)

r=0.07; p=0.311 Figure 4.6

21 Correlation between
initial OST and decrease
over 8 seconds, for
central, nasal and
superior areas (n=200)

Decrease in nasal OST over 8 seconds {OC)

Nasal initial OST (°C)

r=0.09; p=0.203

Decrease in superior OST over 8 seconds (°C)

Superior initial OST (°C)
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r=0.17; p<0.05

Decrease in inferior OST over 8 seconds (OC)

Inferior initial OST (°C)

r=0.17; p<0.05

Decrease in temporal OST over 8 seconds (°C}

Temporal initial OST (°C)

Figure 4.7 o
Correlation between initial OST and decrease over 8 seconds, for inferior and
temporal areas (n=200)
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4.3.3 Horizontal thermal profile

Immediately after a blink, only the OST in the nasal limbal area was significantly
warmer than central OST (t-test t=2.51, p<0.05). Eight seconds later, both the
difference from centre to nasal, and that from centre to temporal had increased

(p<0.0005) to significant levels (Table 4.3). Nasal OST was significantly greater than

temporal OST after 8 seconds (p<0.05).

Mean difference between
central and nasal OST
(°C £ 1sd; sig.)

INITIAL OST

Mean difference between central
and temporal OST
(°C £ 1sd; sig.)

0.35+0.3°C; p<0.05

-0.0120.3°C; p=0.95

AFTER 8
| SECONDS

0.58+0.8°C; p<0.0001

0.27+0.4°C; p<0.05

Table 4.3

Initial and post-blink differences in OST between centre and nasal/temporal areas

(n=200)

4.3.3 Vertical thermal profile
Immediately after a blink, mean OST over the central, superior and inferior
areas was similar (ANOVA, F=0.65, p=0.94). After 8 seconds, OST was significantly

different between centre and superior and inferior, with the most significant difference

between central and inferior areas (Table 4.4).

Mean difference between central | Mean difference between central
and inferior OST and superior'OST
(°C % 1sd; sig.) (°C * 1sd; sig.)
INITIAL OST 0.04+0.3°C; p=0.76 -0.050.3°C; p=0.75
AFTER 8 0.48+0.4°C; p<0.001 0.28+0.5°C; p<0.001
SECONDS
Table 4.4

Initial and post-blink differences in OST between centre and superior/inferior areas

(n=200)

123




4.3.5 Dynamic changes in OST following a blink

The rate of cooling over 8 seconds was calculated for each area (table 4.5);
analysis of variance revealed significant differences between areas (F=21.65.
p<0.000%5), and post-hoc comparisons indicated that central and inferior areas were
significantly different from the remaining (Scheffe: p<0.0005 and p<0.05 respectively).

Rate of temperature change over 8 seconds
(°C.sec'+1sd)
| CENTRAL 0.084 +0.06
NASAL 0.055 £0.04
SUPERIOR 0.055 +0.06 |
INFERIOR 0.031 +0.06
TEMPORAL 0.050 +0.06

Table 4.5
Post-blink rate of cooling for five areas of the ocular surface (n=200)

The times taken to reach %, % and % of the post-blink temperature change
were compared for each area (Figures 4.8-4.10). Significant differences in the rate of
cooling were observed between the five areas (p<0.0001; Fy=15.81; F=16.20;
F»=103.40): the central area demonstrated the quickest decrease in OST following a
blink, whilst the inferior and temporal areas were slowest (Scheffe; p<0.0001).
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Figure 4.11 illustrates the slope of this cooling following a blink, for the five areas of
the ocular surface.

37.04

365 +

ocular surface temperature (¥C)

time (seconds)

Figure 4.11
Mean change in OST in five areas across the ocular surface, for eight seconds
following a blink (n=200)

There was little correlation (r=0.04; p=0.53) between the initial central OST and
the rate of cooling post-blink (Figure 4.12); correlations in other areas were similar:
Fasa=0.05 (p=0.50); Tsuperior =0.005 (p=0.99); Finferior =-0.05 (p=0.52). Greater initial OST
in the temporal area correlated with faster cooling: fiemporal =-0.18 (p<0.01).
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L] ® ° . r=0.04; p=0.53
L

time to reach 1/2 life (seconds)

central initial OST (°C)

Figure 4.12
Correlation between initial OST (central) and rate of cooling (n=200)

As expected, a stronger relationship was observed between the rate of cooling
and the quantity of such cooling over 8 seconds (Figure 4.13; p<0.0001). In other
areas, this relationship was similar: ryasa= -0.50 (p<0.0001); rsyperio= -0.41 (p<0.0001);
linferior = -0.33 (p<0.0001); rtemporai = -0.37 (p<0.0001).

>
® r=-0.41; p<0.0001
1 ®g

s %
.f L ]

time to reach 1/2 life (seconds)

Change in OST over 8 seconds (°C)

Figure 4.13
Correlation between change in OST post-blink and the rate of such change (central

area; n=200)
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4.3.6 Gender differences

No significant gender difference in initial OST was found between males and
females (centrally: 36.72+1.2°C vs. 36.62+1.6°C; Mann-Whitney U test, peentra=0.38).
Similar results were found for other areas: Pnasai=0.63 Psuperior=0.60 Pinferior=0.17
Ptempora=0.17.

After 8 seconds, there were significant gender differences in OST: in temporal
and inferior areas, females had significantly cooler OST (Mann Whitney p<0.05). In
the central area the difference approached significance (males: 36.19+1.8°C vs.
females: 35.84+2.1°C; Mann-Whitney U, p=0.06). The amount of post-blink change in
OST was significantly greater for females, in all areas (Mann Whitney p<0.0005).

Similarly, the rate of cooling was significantly faster in females, for all areas (Mann
Whitney p<0.0005).
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4.4 Discussion

4.4.1 Initial OST after a blink

The initial mean OST for the central area indicated by this study would at first
inspection appear greater than that of most other infrared thermography studies: Efron
and colleagues (Efron et al., 1989) obtained an average OST of 34.3°C (n=21) at
geometric corneal centre, two seconds after a blink: two larger studies demonstrated a
central OST range of 32-34.5°C (n=96) measured four to five seconds after a blink
(Alio and Padron, 1982a; Morgan et al., 1993); Girardin and colleagues found OST to
be 33.7+0.6°C two seconds after a blink in 226 subjects (Girardin et al., 1999).
Differences between this study and others appear to relate to the time point selected
for measurement. An initial rise in OST is seen straight after a blink (closing the
eyelids exposes the ocular surface to the vascular tarsal conjunctiva and fresh tears
form the lacrimal gland), followed by a rapid decrease as heat is lost by convection
and radiation (Efron et al, 1989). In this study, initial values for OST could be
analysed as quickly as 0.2s following maximal temperature (the passing of the eyelid),
and are therefore greater than previous work. At four seconds, mean OST for the
central area was approximately 36.1°C, which is still greater than other studies, but
this figure is actually an average of nine points around and including the geometric
centre of the cornea (covering approximately 16mm?), which results in a higher
temperature measurement compared to the single point/ small box (1mm?) technique
used in the earlier studies (Morgan et al., 1993). Also, all subjects in this study were
young and OST has previously been shown to decrease with age (Rysa and
Sarvaranta, 1973; Horven, 1975; Alio and Padron, 1982b; Girardin et al., 1999,
Morgan et al., 1999).

The wide variability in absolute values of OST seen here is likely to result from
individual variations in a variety of parameters including:

i.  The strength of a ‘normal blink’: forceful blinking has been shown to produce a
greater peak temperature rise upon opening the eyelids and faster cooling,
whereas flick blinking a lesser effect (Morgan, 1994).
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ii. Tear secretion rates: total tear volume within the palpebral aperture has been
estimated at between 7-10pl (Maurice, 1973).

ii. Body temperature: the generally accepted standard of 37.0°C is surprisingly
unsubstantiated in the literature, and a much wider range of 33.2-38.2°C can
actually be found in a normal population (Sund-Levander et al., 2002).
Location of measurement, gender and age are important (Mackowiak et al.,
1992).

iv.  Variation in corneal curvature between subjects. In Chapter 3, a negative
correlation was observed between OST and corneal curvature.

The similarity in initial temperature across the five areas was expected, again due to
the time-point of measurement: the blink action will have brought the tear film and
anterior eye into intimate contact with the vascularised palpebral conjunctiva, such
that immediately after its passing, radiated temperature from the eye will be more
uniform. The marginally warmer OST over the nasal limbal area may result from its

proximity to the nasal canthus, being a highly vascularised area.

4.4.2 Change in OST following a blink

The temperature results after 8 seconds support the presence of a
characteristic thermal profile (where the bulbar areas of the anterior eye always
appear warmer than central), which is well-established in the literature (Fielder et al.,
1981: Alio and Padron, 1982a; Efron et al., 1989; Morgan et al., 1993). After 8
seconds the nasal and temporal differences found here were similar to those found in
such studies, but here the nasal limbal area was found to be significantly warmer than
temporal area, unlike a large previous study (Morgan, 1994). Previously, this thermal
profile has been related to ocular anatomy, principally the tear film being differentially
warmed by a more exposed, thinner, avascular cornea surrounded by a highly
vascularised, thicker limbus (Chapter 1.4). However, the dynamic OST changes

observed and analysed in this study, such as the increase in thermal gradients as the
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eye is held open, suggest a more complex model for OST that also includes tear flow
dynamics.

After a blink, a fluid layer of constant, uniform thickness would lose heat via
convection and radiation, and any thermal profile would be solely due to the
underlying structures. But the dynamic nature of the tear film as it thins and disperses
further contributes to this model of thermo-dynamics. The tear film takes
approximately 3 to 10 seconds to reach the most regular state following a blink
(Nemeth et al., 2002), and the average thickness of the tear film has been shown to
vary from approximately 9um immediately after a blink to around 4pm just before the
next blink (Mishima et al., 1966; Holly, 1981). The thermal effect of tear thinning will be
to permit the ocular surface to contribute more to the measured radiation. Hamano’s
work would suggest that a tear film thickness of 4um will absorb approximately 40% of
radiation from the relatively cooler cornea (Hamano et al., 1969).

Just prior to blinking, the tear meniscus forms along the lower and upper lids:
70-90% of tear volume is found between these marginal tear strips (Mishima and
Maurice, 1961). Studies on tear dynamics suggest that the wiper action of a blink
brings fresh tears rapidly up over the ocular surface (Owens and Phillips, 2001), and
these very quickly disperse towards the canthi, moving both temporally and nasally
along the upper lid margin but only nasally along the lower lid margin (Fatt, 1992). The
temporal end of the palpebral aperture closes more rapidly during a blink, further
contributing to this dominant nasal passage of tears (Milder, 1965); along with some
minimal effect of gravity (the surface tension of tears is relatively able to resist gravity

in order for the tear film to exist in a vertical plane (Doane, 1984).

The decrease in OST following a blink was significantly different between areas,
with the central area demonstrating the most significant change, and the inferior area
of the ocular surface experiencing least change. The decrease was not necessarily
greatest for the warmest areas of the ocular surface. Using accepted ideas about tear
dynamics and drainage (Doane, 1981), it is proposed here that the tear meniscus at
the lower lid will gather tear fluid via natural drainage processes, and hence, may be
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less susceptible to temperature change, whereas the central area will experience
rapid tear-thinning over the same time period, resulting in greater temperature
changes. It appears to be the movement of tears, not their initial temperature which
determines the magnitude and rate of change in OST post-blink. The rates of cooling
observed in this study generally agree with previous estimates of -0.030°C sec’
(Morgan et al., 1996), and -0.033°C sec™ (Efron et al., 1989).

4.4.3 Gender differences

The results concerning gender agree with other studies that have shown no
apparent relationship between absolute values for OST and gender (Schwartz et al.,
1968; Horven, 1975; Alio and Padron, 1982b; Morgan et al., 1993), Gender
differences in dynamic OST are significant: the larger, and faster decrease in OST
post-blink observed in females may be related to tear film properties: females have
been shown to have a higher tear evaporation rate than males (Tomlinson and
Giesbrecht, 1993); young females have been shown to have a higher basal tear flow
rate (Henderson and Prough, 1950), and females generally show reduced tear film
stability (Craig and Tomlinson, 1998). In addition, the corneal curvature of females has

been found to be significantly steeper than that of males (Eysteinsson et al., 2002).
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4.5 Conclusions

This large study offered unique insights into the thermal dynamics across the
ocular surface following a blink. A complex model of thermo-dynamics is emerging:

e A film of fresh, warm tears from the lacrimal gland covers the ocular surface
immediately after a blink.

e As soon as the eye is open, heat loss occurs from the tear fim to the
environment, via conduction, radiation and evaporation (Newton's Law of
Cooling (Serway and Beichner, 2000).

e As the eye is held open, the drainage pattern of tears will encourage the warm
tears to accumulate nasally, away from the central and temporal areas.

e As the eye continues to remain open, the tear film thins and evaporates from

the more exposed areas first, allowing the underlying structures to contribute to
the measured temperature profile.

To summarise, the thermal profile that is observed reflects the natural tear film
dynamics within the palpebral aperture, and as the tear film thins the underlying ocular
anatomy further enhances this temperature profile. However, as tear film thickness is
still under debate (Korb et al., 2002), the exact contributions of each of these factors
to the model during the post-blink period will remain indefinite.
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CHAPTER 5

THERMAL PROPERTIES OF DIFFERENT CONTACT LENS
MATERIALS MEASURED BY INFRARED THERMOGRAPHY

5.1 Introduction

5.2 Part A - Model Eye
5.3 PartB - Human Eye
5.4 Conclusions

5.1 Introduction

The thermal properties of the eye have been modelled previously (Scott, 1988:
van den Berg and Spekreijse, 1997), but the literature specific to similar

modelling/experimental work with contact lenses in vivo is limited (Table 5.1).

MEDIUM D(S:ﬁg)" cONBUCTIATE | . SOURGE DETAILS
(cal/cm.sec.°C)
bovine comnea 111 6s8x10* | Hamapoetal | P pobimmnt v
soft contact lens 118 geitnt | "My | et
all ;g:;t;cetrlsens 121 4.01x10% Mart;r; gSFaﬂ. Heant1 ’gg:lsfer
han:iI ::;tact 1.04 4.4%10% Hamfg_?zet al, Hear:1 gcaiglsfer
human cornea 1.05 58x 10* Scott, 1988 Hea:;ggglsfer
i 1 1.48 x 10° l\.*'lartir]I ggg Fatt, HeantﬂI gzglsfer
Table 5.1

Physical constants of cornea and contact lenses taken from the literature.

134




Hamano and colleagues applied heat transfer modelling to bovine cornea and
soft and hard contact lens materials (Hamano et al., 1972). In their study, the thermal
conductivity of bovine cornea appeared very similar to that of soft contact lens
material, but less than that of water, and hard contact lenses had a much lower
thermal conductivity. A study using thermistors embedded in and sandwiched
between contact lenses (Martin and Fatt, 1986) confirmed theoretical models by
demonstrating a small flow of heat from the eye to the environment (1.1 x "2 cal.*™
2.5%" which was similar to that from the rabbit eye (Rosenbluth and Fatt, 1977).

The thermal conductivity of contact lenses is traditionally calculated by
considering the average density of the lens polymer and using an established
relationship between polymer density and thermal conductivity. The total conductivity
of a hydrogel lens is calculated by summing the weight fractions of polymer and water
contained in the hydrated contact lens. In Martin & Fatt's 1986 study, contact lenses of
higher water content appeared to cause a smaller rise in measured ocular
temperature (behind the lens) than lenses of lower water content, and increasing lens
thickness induced greater rises in measured temperature behind the lens for all levels
of water content. The authors felt that these increases in OST (ranging from 0.5-
1.5°C) were too small to be clinically significant in comparison to the potential
influence of environmental conditions.

The disadvantages of contact methods of heat measurement have been
discussed (Chapter 1.3.1): this study was designed to examine the insulating
properties of popular hydrogel contact lenses using non-contact thermography as the
method of temperature measurement. This was a two-part study:

Part A - Observation of the temperature effects of hydrogel contact lenses on a model
eye.
Part B - Comparing model eye results to the observation of the temperature effects of

hydrogel contact lenses in vivo.
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5.2 PART A - MODEL EYE

5.2.1 Materials and Methods

A model eye was constructed from six light emitting diodes (LEDs) set into a
resin dome (estimated radius of curvature 7.80mm), with a constant low voltage
applied to produce a small amount of visible light and a level of thermal radiation
similar to that produced by the human eye (31-36°C). The radiated temperature was
monitored using the Thermo Tracer TH7102MX thermo-camera (described in Chapter
2.1), positioned 60mm from the apex of the model eye. Temperature was collected
from nine points across the contact lens area, and then averaged. The study was
conducted within a controlled environment (room temp 21.4+0.5°C and humidity at
39+1%), and the model eye was placed within a shallow chamber to protect it from
draughts and reflected temperature changes (Figure 5.1).

All data was collected during a single session; the model eye was wiped dry
and its temperature permitted to stabilise before the next contact lens was applied.

Infrared camera

60mm

Protective chamber

Hydrogel contact lens

i

S, Model eye

Y

Figure 5.1 _
Experiment set-up using the model eye
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Three types of hydrogel contact lenses were used in this study — balafilcon A,
etafilcon A and lotrafilcon A (Table 5.2), and the experiment was repeated five times
for each lens type (using different lenses each time, from the same batch). The same
power (-3.00D) was selected for each lens type to keep any lens thickness variations
solely a result of the lens design, rather than due to prescription.

MATERIAL ETAFILCONA BALAFILCONA LOTRAFILCON A
Water content 58% 36% 24%

Base curve 8.5mm 8.6mm equivalent 8.6mm

Diameter 14.2mm 14mm 13.8mm

Wear/ Replacement Daily/ single use Daily or continuous/ Daily or continuous/ monthly
schedule monthly replacement replacement
Centre thickness 0.084mm 0.09mm 0.08mm
(-3.00D)

Oxygen permeability 28 99 140

(Dk, Fatt units)

Oxygen 33 110 175
transmissibility (Dki/t,

-3.00D)

Table 5.2

Specifications of contact lens types used in the study

The contact lens packages were opened 30 minutes before each experimental
run, and exposed to the surrounding environmental conditions. Forceps were used to
remove the lens from the package, shake excess fluid from the lens and place it onto
the model eye in a practised, single movement, holding the lens at the edge. The
same forceps were used to remove the lens from the model eye immediately after 10
minutes had elapsed. Ten minutes was chosen as a suitable period for observation:
beyond this time dehydration effects made the lens difficult to remove. Time was
monitored with a stopwatch. Temperature of the model eye was recorded dynamically
from lens application to lens removal (inclusive), and the changes were normalised to

baseline. Analysis of variance (repeated measures) was conducted to explore both
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the effect of time and contact lens type on model eye temperature. Post-hoc
comparisons were employed to analyse significant time/group differences.

5.2.2 Results

Applying any contact lens to the model eye caused an immediate significant
decrease in radiated temperature (figure 5.2): at 3 seconds after the contact lenses
were applied the mean decrease was -4.63+0.1°C (n=15, p<0.0001).

o
L

e contact lens applied here

1 4

and removed here

change in radiated temperature (°C)

L}
-~

1 T T 1 T I I

0 100 200 300 400 500 600 700
time (seconds)

Figure 5.2
Mean temperature changes during 10 minutes of hydrogel contact lens ‘wear (n=15;

error bars=1 SD)

Figure 5.2 shows the mean temperature changes observed when the contact

lenses (n=15) were applied and removed after 10 minutes (all normalised to their

respective baselines).
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Time was a significant factor overall in radiated temperature from the model eye
during lens application (F=10.65, n=15, p<0.0001). Post-hoc analysis (using Student
Newman-Keuls test) revealed the significant changes in radiated temperature: a
minimum temperature was observed at four minutes (-5.63+0.4°C; p<0.05 compared
to the initial decrease), the mean temperature at ten minutes (just before the lenses
were removed) had significantly increased compared to that at one minute (p<0.05).
When contact lenses were removed mean temperature increased significantly
(+1.28°C; p<0.005 compared to temperature at ten minutes). Radiated temperature
then continued to increase towards baseline at a rate of 1.72°C.min™.

The temperature changes for each lens type showed significant differences
(F=5.707; p<0.05; Figure 5.3). Temperatures with lotrafilcon were generally
significantly greater than those with balafilcon (Scheffe; p<0.05). For the first three
seconds the temperature decrease was least for etafilcon A lenses (-3.5040.33°C)
compared to balafilcon A (-5.41+0.38°C; p<0.0001) and lotrafilcon A (-5.03+0.45°C),
p<0.0001).
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Figure 5.3
Mean (n=5) changes in temperature with three different hydrogel contact lenses
(contact lenses applied at 0, and removed at 600s; error bars=1 SD).

Further temperature variations between lens types were insignificant, until eight
minutes. At this point (and up to lens removal), radiated temperatures with lotrafilcon A
lenses in situ were significantly greater than those with balafilcon A (p<0.05) and
etafilcon A (p<0.05).

When the contact lenses were removed, a similar increase (average
+1.0840.3°C) in temperature was observed for all three lens types (p=0.38). The
lotrafilcon A group remained significantly warmer than the other two for the first minute

post lens removal (p<0.005).
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5.2.3 Discussion

As expected there was an initial decrease in the measure of radiated
temperature when contact lenses were applied to the model eye: this relates to the
relatively cooler environment that the lens has come from (the buffered saline at a
maximum of room temperature; 21.4£0.9°C). The difference immediately apparent
between etafilcon A and the other two was unexpected and may be due to slight
differences in sagittal depth between lens types, leading to greater or lesser initial
contact with the model eye.

In vivo studies (using thermistors) have demonstrated that lenses of lower water
content show greater temperatures behind the lens than higher water content lenses
(Martin and Fatt, 1986), and that increasing thickness gives rise to increased
temperatures behind hydrogel lenses. Therefore, it might be expected that the
radiated temperature from a model eye would remain coolest with lotrafilcon A (24%
H2O; thinnest lens type). However, these results appear to suggest the opposite: that
the lotrafilcon A lens ‘warms up’ during the observation period whereas the other lens
materials do not to the same extent. There are important distinctions here that help
explain the ‘disparity’:

a) For lens thicknesses around 0.08mm and water contents from 20-60%, the
data from Martin & Fatt suggests only an effect of £0.05°C.

b) Studies using thermistors behind a contact lens say little about the heat flux to the
atmosphere through the lens over time.

c) In model eye studies like this one, dehydration and evaporation begins as soon as
the lens is removed from its packaging, and there is no blink effect to counter this.

Physical laws, such as Newton’s Law of Cooling, dictate that heat will be
transferred from the warmer medium to the cooler one and the rate of such transfer is
dependent on the physical properties of such environments, including the temperature
difference between them (Serway and Beichner, 2000). It is suggested, therefore, that
the temperature build-up behind any lens gives rise to a temperature gradient, which

in turn encourages conduction of such heat through the lens material towards the

141



thermal camera. The relative differences in dehydration and evaporation between the
different lens types will affect this rate of heat transfer. Greater lens water content may

mean that radiated surface temperature from the contact lens remains cooler for
longer than lower water content.

5.2.4 Conclusion

The thermal properties of a contact lens material will affect ocular surface

temperature (OST) when hydrogel contact lenses are worn and this effect differs over
time.
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5.3 PARTB - HUMAN EYE

The usefulness of the model eye was found to be limited to ten minutes due to
dehydration effects, so the next stage was to look at similar scenarios in the human

eye. This study was designed to observe the temperature effects of inserting contact
lenses and the first two hours of contact lens wear.

5.3.1 Materials and Methods
The right eyes of 12 young volunteers were used in this study (mean age
24.6+3.2yrs; 6m, 6f). Inclusion criteria specified that all subjects had:
a) no history of eye disease
b) not habitual contact lens wearers
c) good general health and well-being

d) no dry eye symptoms (itchiness, grittiness, etc)

Subjects attended for two, mid-afternoon sessions. Prior to the experiment, each
subject was asked about their general health and examined for signs of ocular
inflammation using a slit-lamp, and an overlay template was constructed for each
subject to aid alignment with the thermal camera during repeated observations
(Chapter 2.1.3). This preparation period allowed for suitable adaptation to room
temperature in the laboratory (21.4£0.9°C; 40% humidity), which has been shown
previously in this thesis to be 10 minutes for subjects coming from within the same
building (Chapter 2.2.1). Data collection and analysis was as described in Chapter
2.1.4. The contact lens packages (same batch; all -3.00DS) were opened 30 minutes
before each experimental run, and exposed to the surrounding environmental
conditions. A preliminary measure of OST (average of 3 repeats) for each subject was
made at each session, before a contact lens was inserted by the researcher: subjects
were randomly assigned either a lotrafilcon A or balafilcon A contact lens (lens
properties shown in Table 5.3), so that they had worn both lens types by the end of
the second session. Radiated temperature from the central area (which covers the
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main body of the contact lens) was recorded, as described in Chapter 2.1.
Measurements were repeated at 2, 10, 20, 30, 60 and 120 minutes after lens
insertion. After 120 minutes, the contact lens was removed and an immediate
measure taken of OST. A final measure of OST was taken 5 minutes after lens had
been removed. Results for each subject were normalised to baseline (the preliminary
OST), and changes with time averaged for both lens types. Repeated measures
analysis of variance was used to compare the within-group differences (time) and
between-group differences (lens type).

MATERIAL LOTRAFILCON A BALAFILCON A
Water content 24% 36%
Base curve 8.6mm 8.6mm equivalent
Diameter 13.8mm 14mm
Power -3.00 -3.00
Wear/ Replacement Daily or continuous/ monthly Daily or continuous/ monthly
schedule replacement replacement
Centre thickness 0.08mm 0.09mm
(-3.00D)
Oxygen permeability (Dk, 140 99
Fatt units)
Oxygen transmissibility 175 110
(Dk/t, -3.00D)

Table 5.3

Specifications of silicone hydrogel contact lenses used in the study (part B)
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5.3.2 Results

The temperatures (normalised) presented here relate to the average temperature of
nine points in the central area, immediately (0.2s) after a blink.

5.3.2.1 Change in OST with contact lens wear

Radiated temperature decreased when hydrogel lenses were inserted for both
lens types, in all subjects (average decrease -0.65+0.22°C). Mean temperature (all
lenses, n=24) continued to decline in for at least 30 minutes: after one hour
temperature increased towards baseline. When contact lenses were removed,
measured OST was greater: for 80% of cases OST was above baseline measures

(Figure 5.4). As contact lenses were worn, the main effect of time was statistically
significant (F=65.99, p<0.0001).

'3 T T T T T T T T ;
2min 10min  20min 30min 60min 120min CL out + 5 min

Change in OST (°C) from insertion of CL

time

Figure 5.4 ‘
Clgange in OST over two hours of silicone hydrogel contact lens wear (lotrafilcon A &

balafilcon A: n=24, error bars =1sd)
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Post-hoc comparisons revealed a further significant decrease in average OST
between 2 and 20 minutes (Scheffe; p<0.005), followed by a significant increase
between 30 and 120 minutes (Scheffe; p<0.0001). When contact lenses were
removed OST significantly increased (average increase +0.84+0.65°C above
baseline; Scheffe; p<0.0001), but further change was insignificant.

5.3.2.1 Effect of lens type on OST

The average results for each lens type with time are 