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Abstract 
 

Introduction 

Evaporative Dry Eye (EDE), the most prevalent subtype of Dry Eye Disease (DED), is primarily 

driven by excessive tear loss from the ocular surface due to deficiencies in the tear filmôs lipid 

layer. Accurate and repeatable measurement of Tear Evaporation Rate (TER) and related ocular 

surface parameters, such as Ocular Surface Temperature (OST), Lipid Layer Thickness (LLT), and 

Non-Invasive Tear Break-Up Time (NITBUT) is essential for understanding tear film instability 

and guiding clinical decision-making. However, measurement variability, lack of standardized 

protocols, and limitations in existing instrumentation have hindered the adoption of TER and OST 

assessment in routine practice. This thesis addresses these challenges through a series of in vitro 

and in vivo experiments aimed at quantifying tear film dynamics and optimizing measurement 

methodologies. 

Overall Aims 

The primary aim of this research was to characterize tear evaporation and ocular surface thermal 

behavior under a range of physiological and controlled conditions. This thesis specifically sought 

to: 

1. Quantify the evaporation rates of distilled water versus an aqueous artificial tear solution 

(TheraTearsÈ) in vitro. 

2. Assess how changes in exposed ocular surface area and LLT affect TER using model eyes. 

3. Investigate the effect of lipid-based artificial tears on LLT, TER, and NITBUT in vivo (PHASE 

I). 

4. Optimize OST measurement parameters using ResearchIR software to improve accuracy and 

reproducibility. 
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5. Examine regional variation in OST and blink-related cooling profiles in vivo (PHASE II). 

6. Integrate in vitro and in vivo findings to build a comprehensive model of tear film dynamics 

with implications for EDE diagnosis. 

Methods and Materials 

The experiments were conducted using custom-built and commercially available devices. In vitro 

studies used aluminum model eyes with varied surface areas and lipid layer simulations (via 

CALMOÈ Eye Spray) to evaluate their effect on TER, measured using the Waterloo Evaporimeter. 

In vivo studies were performed on healthy participants using the LipiViewÈ II interferometer, 

OCULUS KeratographÈ 5M, and FLIR A655sc thermal camera integrated with ResearchIR 

software. Data collection included real-time measurements of TER, LLT, NITBUT, and OST, with 

particular focus on blink-related cooling and temperature gradient analysis. Each experiment 

followed standardized protocols for blink control, Region of Interest (ROI) selection, and 

repeatability validation. Statistical analysis was performed using SPSS, with significance set at p 

< 0.05. 

Results 

In vitro results demonstrated no significant difference in TER between distilled water and 

TheraTearsÈ, suggesting that aqueous-based artificial tears do not provide meaningful evaporative 

protection. These findings also confirm that both distilled water and TheraTearsÈ may be used 

interchangeably in laboratory-based evaporation studies where lipid content is not a critical 

variable. In contrast, increasing LLT using CALMOÈ spray led to a marked reduction in TER, and 

model eyes with larger surface areas consistently exhibited higher evaporation rates. In vivo, lipid 

eye drop instillation produced a significant increase in LLT, a prolongation of NITBUT, and a 

decrease in TER. OST monitoring revealed distinct blink-related cooling patterns, particularly in 
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eyes with thinner lipid layers. Optimized OST protocols using ResearchIR improved temporal 

resolution and reproducibility across participants. Phase II confirmed consistent regional 

temperature variability and strong correlations between LLT, TER, and post-blink cooling. 

Conclusions 

This research confirms that LLT and ocular surface area are critical determinants of TER. Non-

lipid formulations, such as TheraTearsÈ, are ineffective in limiting TER, while lipid-based 

interventions significantly improve tear film stability both thermally and structurally. OST can be 

used as a reliable, non-invasive surrogate for assessing tear film dynamics when measured with 

optimized protocols. The Waterloo Evaporimeter and ResearchIR-enabled thermography provide 

robust, reproducible platforms for studying tear evaporation and cooling responses. These findings 

support a multimodal diagnostic approach integrating TER, LLT, NITBUT, and OST for the 

evaluation and management of EDE. 
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Chapter 1 Introduction 

Dry eye disease (DED) is a common ocular surface disorder affecting an estimated 5-50% of the 

global population, with prevalence rising to 10ï20% in adults over the age of 40.1ï3 The high 

prevalence of DED places a considerable burden on public health systems and society at large. The 

economic burden of DED is substantial. Yu et al. reported that DED costs the U.S. economy 

approximately US $11,302 per patient each year, mainly due to reduced work productivity and 

additional healthcare needs.4 A more recent Canadian study estimated that DED costs each patient 

about C $24,331 per year, with higher costs seen in more severe cases. Most of this burden came 

from time missed at work and reduced efficiency while working due to eye discomfort.5 

The Tear Film and Ocular Surface Society Dry Eye Workshop II (TFOS DEWS II) classifies DED 

into three primary categories: aqueous deficient, evaporative, and mixed. Among these, the 

evaporative sub-type (EDE) is the most prevalent, accounting for over 86% of cases, and is 

predominantly linked to meibomian gland dysfunction (MGD).6 Tear film instability and excessive 

tear evaporation are hallmark features of this condition, contributing to symptoms of eye dryness 

and irritation, blurred vision, and ocular surface damage. 

In response to these clinical challenges, the TFOS DEWS II report highlighted the need for 

reliable, objective methods to measure tear evaporation, recognizing evaporation as a core feature 

of disease pathophysiology.7 A key tool in this effort is evaporimetry, a non-invasive technique 

that quantifies the rate of aqueous tear loss from the ocular surface by monitoring changes in 

relative humidity (RH) in the air immediately in front of the eye.4ï7 Evaporimetry not only provides 

insight into tear film behavior, but also assists in diagnosing DED and evaluating therapeutic 

interventions, especially for EDE.12ï22 
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Within the broader framework of tear film diagnostics, ocular surface temperature (OST) has 

emerged as a valuable parameter for assessing tear film dynamics.23ï26   

However, beyond a general physiological relevance, OST is directly linked to rate of evaporation 

from the tear film.27 As water molecules evaporate from the tear film, they absorb latent heat, 

which enables them to leave the liquid, leading to surface cooling. This cooling effect is more 

pronounced when the superficial lipid layer is deficient or unstable, making OST an indirect yet 

sensitive marker of tear film evaporation.27,28 Studies have demonstrated that a thinner lipid layer 

correlates with steeper post-blink temperature declines, while thicker, more stable layers preserve 

thermal integrity. 27ï29 Thus, OST could be used alongside evaporimetry and non-invasive tear 

break-up time (NITBUT) to build a multi-dimensional profile of tear film stability. 

The measurement of OST has benefited greatly from technological advances in infrared 

thermography (IRT). Earlier systems relied on static image capture and manual region of interest 

(ROI) selection, which were subject to observer bias and limited reproducibility.30 The 

development of computer-assisted software platforms, such as ResearchIR (FLIR Systems, 

Wilsonville, OR, USA), has transformed OST analysis.31 These platforms offer automated ROI 

selection, real-time frame-by-frame tracking, and advanced statistical outputs, enabling 

researchers to capture dynamic blink-related cooling effects and regional temperature variations 

with high accuracy.31,32 The integration of ResearchIR with high-resolution IR cameras (e.g., FLIR 

A655sc) allows for high-speed ocular IRT, providing the granularity required to detect subtle 

differences in tear film behavior.27,30 IRT has proven particularly valuable in DED diagnostics, 

where blink-induced cooling rates and OST gradients provide clinically relevant markers of 

evaporative loss and tear film disruption. 
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Complementing these thermal and evaporative metrics, NITBUT serves as a crucial measure of 

tear film resilience and optical integrity.33 Devices such as the OCULUS Keratograph 5MÈ utilize 

near-infrared radiation Placido ring projection to measure NITBUT, offering a dye-free, repeatable 

alternative to traditional tear break-up time (TBUT) methods. This approach provides spatially and 

temporally resolved information on tear film disruption, helping to characterize evaporative loss 

and ocular surface instability with greater sensitivity. Numerous studies have established a strong 

correlation between shortened NITBUT and increased evaporation, reinforcing its diagnostic value 

in EDE.27 

At the heart of tear film stability is the lipid layer, which acts as the primary evaporation barrier. 

Secreted by the meibomian glands, this layer is composed of non-polar and polar lipids that spread 

over the aqueous-mucus layer during blinking, reducing moisture loss and stabilizing the film.6,34 

In cases of MGD or lipid layer deficiency, evaporation can increase by 4 to 17 times, accelerating 

tear break-up and worsening symptoms.35ï37  

Consequently, the accurate assessment of lipid layer thickness (LLT) is critical for diagnosing and 

managing EDE. Traditional methods lacked objectivity and reproducibility, but recent advances, 

particularly in interferometric imaging, have enabled nanometer-level quantification of LLT. The 

LipiViewÈ II Ocular Surface Interferometer (Johnson & Johnson Vision Care, Inc., Jacksonville, 

FL, USA) is one such device. It uses white-light interferometry to evaluate LLT, and near-infrared 

radiation to assess meibomian gland structure and function, facilitating a comprehensive analysis 

of tear film health. 

Together, these measurement technologies of evaporimetry, OST analysis, NITBUT, and LLT 

imaging offer a robust, objective framework for studying the dynamics of the tear film and the 
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pathophysiology of DED. This thesis builds on these tools to explore the relationship between 

evaporation, lipid supplementation, and tear film stability, both in vitro and in vivo. 
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Chapter 2 Literature Review 

This chapter reviews existing literature on the tear film's structure and functions, highlighting the 

crucial role of the tear film in maintaining ocular health and preventing evaporation-related tear 

loss. It examines the mechanisms and influential factors of tear film evaporation, relevant to DED. 

The review assesses various evaporimeters, categorized by their chamber design and ventilation 

methods, discussing their applications, advantages, and methodological inconsistencies. 

Additionally, it covers OST measurement, particularly IRT, noting advancements and remaining 

challenges. Lastly, it identifies gaps in current methodologies, establishing a foundation for the 

research objectives. 

2.1 Tear Film 

2.1.1 Structure 

The tear film was originally thought to consist of three layers: lipid, aqueous, and mucus.38 The 

outermost lipid layer, produced by meibomian glands in the eyelids, plays a key role in protecting 

the eye. These glands, located just behind the eyelashes, release meibum during blinking, which 

helps distribute the lipids evenly over the eyeôs surface.20 This layer is made up of lipids such as 

sterol esters, wax esters, cholesterol, fatty acids, and fatty alcohols.39ï41 It has a two-part structure, 

with a thick, non-polar outer phase over a polar base layer.42 Beneath the lipid layer lies the 

aqueous layer, a watery component secreted by the lacrimal glands. The innermost layer, made of 

mucus, is formed by goblet cells in the conjunctiva.43 

Modern research has replaced the three-layer model with a more integrated view. The tear film is 

now described as being composed of a thin lipid layer covering an aqueous-mucin gel phase that 

connects to transmembrane mucins in a corneal epithelial bound glycocalyx.44 Figure 2-1 
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illustrates this contemporary understanding of tear film architecture, highlighting the surface lipid 

layer, the muco-aqueous phase, and the underlying glycocalyx. 

The aqueous-mucin layer forms the bulk of the tear film and contains proteins, electrolytes, 

glucose, oxygen, and gel-forming mucins.45,46 Mucins are concentrated close to the corneal 

surface,47 where the glycocalyx is securely bound to microvilli on corneal and conjunctival 

epithelial cells.45,46 

Reports on the thickness of the total tear film vary widely, ranging from 2.7 to 46 ɛm.44,45,48ï54 The 

lipid layer is the thinnest, measuring between 13 nm and 170 nm,44,45,55ï58 with values falling 

between 32 nm and 46 nm59 or 61.8 nm and 75.5 nm.57 Aqueous layer thickness ranges from 2.2 

to 7 ɛm,46,60 while the aqueous-mucin layer is thought to be between 3.8 to 4.2 ɛm thick.58 The 

glycocalyx mucin layer, which is around 1 ɛm thick over the conjunctiva,29 may contribute 

significantly to the overall tear film thickness according to some studies.49 A summary of the 

reported thickness ranges for each tear film layer, along with associated references, is presented in 

Table 2-1 to facilitate clearer comparison and interpretation. 

Reported differences in tear film thickness can arise due to variations in testing methods, how 

invasive the method used for measuring thickness is, and the time since the last blink. A detailed 

overview of techniques used to measure tear film thickness can be found in Bai and Nicholsô 

review.61  
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Figure 2-1: The tear film structure showing the mucins and galectin of the glycocalyx, soluble 

mucins and proteins in the muco-aqueous layer and the surface lipid layer44 (Image from: Craig 

JP, Willcox MDP, Arg¿eso P, et al. The TFOS International Workshop on Contact Lens 

Discomfort: report of the contact lens interactions with the tear film subcommittee. Invest 

Ophthalmol Vis Sci. 2013;54(11): TFOS123-156. doi:10.1167/iovs.13-13235). 

 

Table 2-1: Reported thickness ranges of the tear film and its individual layers, based on various 

imaging and analytical techniques from the literature. Values vary depending on measurement 

method, blink timing, and anatomical location. 

Layer Reported Thickness 

Lipid layer 13 - 170 nm 45,55ï58,62 

Aqueous layer 
2.2 - 7 ɛm 46,60 

Aqueous-mucin layer 
3.8 - 4.2 ɛm 58 

Mucin/glycocalyx layer ~1 ɛm 29,49 

Total tear film 2.7 - 46 ɛm 44,45,48ï54 
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2.1.2 Function 

The tear film plays a crucial role in maintaining ocular health and function by performing several 

essential tasks. It creates a smooth optical interface between the cornea and the external 

environment, facilitating clear vision.63ï65 Additionally, it provides lubrication to ensure that the 

eyelids move effortlessly over the ocular surface during each blink.46,66 By mechanically removing 

dust and debris with every blink, the tear film helps maintain the hygiene of the eye.67,68 It also 

defends the eye against pathogens by utilizing proteins, antibodies, and phagocytic cells as part of 

its protective mechanisms.66,69 Furthermore, the tear film nourishes the corneal epithelium with 

vital components such as oxygen, glucose, and vitamins, while removing metabolic byproducts, 

including carbon dioxide and lactate, from the cornea.70 

Each layer of the tear film contributes uniquely to its overall functionality. The lipid layer primarily 

prevents evaporation of the inner layers, with studies showing that evaporation occurs 4 35,36 to 17 

times faster37 when this layer is absent. The lipid layer non-polar phase serves as a reservoir for 

wax and cholesterol esters and regulates the exchange of water vapor, oxygen, carbon dioxide, and 

ions.42 The polar phase stabilizes the lipid layer by orienting the hydrophilic molecular heads 

toward the aqueous layer, which is vital for maintaining lipid layer structure and integrity.71 The 

lipid layer also acts as a barrier against dust particles, protecting the ocular surface.46 The aqueous 

layer ensures hydration of the ocular surface, clears debris, nourishes epithelial cells, and provides 

defense against infections through antibacterial proteins like lysozyme.38,46 Mucins play a 

significant role in stabilizing the tear film, reducing friction during blinking, smoothing the optical 

surface, aiding in the spread of the lipid and aqueous layers, and helping to clear debris and 

pathogens.44,45,72 Supporting the entire tear film structure, the glycocalyx layer provides additional 

stability and integrity.46 
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For a more in-depth exploration of the tear film's structure and functions, detailed discussions can 

be found in the TFOS DEWS II Pathophysiology report56 and the CLEAR report on the anatomy 

and physiology of the anterior eye.45 

2.2 Tear Film Evaporation 

Tear evaporation refers to the continuous loss of water from the tear film into the surrounding air. 

It is a normal physiological process that helps drive tear dynamics. Low to moderate levels of tear 

evaporation are thought to stimulate regular blinking and tear secretion to keep the eye surface 

moist.73 During the interblink interval (IBI), some tear fluid evaporates, which gradually increases 

the tear filmôs salt concentration (osmolarity); if a blink is delayed for too long, the tear film can 

thin sufficiently that dry spots (tear film break-up) develop on the cornea.74 Blinking restores the 

balance by spreading fresh tears over the exposed eye surface and re-forming the tear film layers, 

which refreshes the moisture and resets the evaporation cycle.74 Thus, under normal conditions, 

evaporation and tear replenishment work together to maintain a stable ocular surface. 

Tear film evaporation is largely controlled by the quality and structure of the outer lipid layer. As 

reported, the lipid layer acts as an evaporation barrier to significantly slows moisture loss from the 

eye. To understand the changes in the lipid layer during this process, it is helpful to consider the 

effect of blinking on the tear film. During eye closure, the lipid layer is swept downward with the 

movement of the eyelid and is compressed into a small space (Kessingôs space) that is formed on 

eyelid closure behind the upper eyelid and the globe.75 From this reservoir, the lipid is drawn back 

over the tear film aqueous/mucin gel during eyelid opening. This action spreads the lipid over the 

eye and reforms the tear film.76 Ideally, the lipids are evenly spread over the aqueous/mucin gel, 

since this will enhance overall tear film stability. Once the tear film has stabilized after the 

reforming process of blinking, evaporation from the tear film begins to have an effect. This causes 
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a reduction in the aqueous layer volume and a thinning of the tear film. As evaporation continues, 

the lipid layer is drawn ever closer to the underlying mucous until the lipid layer lies on top of the 

foundational glycocalyx and tear film break-up occurs at that location.77 Figure 2-2 illustrates the 

physical processes involved in tear film thinning and eventual break-up, emphasizing the role of 

lipid layer collapse and its interaction with the glycocalyx. 

 

Figure 2-2: Schematic illustrating the physical factors involved in tear thinning leading to tear 
film break-up (touchdown of the lipid layer onto the glycocalyx). (Image created by the author). 

 

However, variations in the lipid composition and chemistry produce variation in the thickness of 

the lipid layer, and in this variation lies the seed of increased tear film instability. A key feature of 

the lipid layer is its surface tension, but as tear evaporation occurs, the surface tension accentuates 

any variations in lipid composition to produce areas of thinner lipid layer.78ï80At this point, the 

effect of evaporation from the tear film becomes more pronounced in those areas with a thinner 

lipid layer, and the tear film thins more rapidly leading to earlier ótouchdownô of the lipid layer in 
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that area. óTouchdownô occurs when the inner polar molecules of the lipid layer touch the 

glycocalyx of the corneal epithelium.77,81 Tear thinning is also affected by other physical forces 

within the tear film, such as osmotic flow, Marangoni forces, and diffusion, which further influence 

the rate of tear thinning. A fuller explanation of the processes involved can be found in the article 

by King-Smith et al.77 

The time duration over which the tear film is undergoing evaporative tear loss, but before a 

touchdown of the lipid layer has occurred, is described as the tear break-up time (TBUT). TBUT 

describes the time period between a tear film reforming blink to the first appearance of a 

breakdown in the tear film stability. Imaging of the breakdown can be achieved using a variety of 

methods including fluorescein dye instillation, lipid layer interference pattern, and mire reflection 

distortion.82ï84 A normal TBUT depends on the method of measurement, but can range from 3 to 

132 seconds, with an average of 27 seconds.85 The structural integrity of the tear film is maintained 

by involuntary blinks. Studies have shown that the average spontaneous blink rate in normal 

individuals ranges from 6 to 20 blinks per minute, corresponding to an interblink interval of 

approximately 3 to 10 seconds, depending on factors such as task demand, lighting, and ocular 

surface condition86ï89 A problem can develop, however, if the break-up time is shorter than the IBI. 

When this occurs, the ocular surface will experience short periods of drying that stresses the ocular 

surface epithelia and can produce symptoms of discomfort.90,91 Keeping the eyes open for a 

prolonged period of time, even for someone with good tear stability, will also distort the stability 

of the tear film, and produce randomly distributed breaks in the tear film.92,93 

Empirical findings align with this perspective, revealing that the addition of a lipid layer can reduce 

evaporation by approximately 20ï30%.61 Notably, human tears evaporate at substantially lower 

rates than pure water under the same conditions (e.g. 34 ÁC at 30% RH)96, indicating that the tear 
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filmôs composition (lipid layer) helps resist evaporation. By contrast, introducing tear proteins or 

mucins has virtually no effect on evaporation rates.94 Consequently, a deficient or absent lipid layer 

leads to much faster tear evaporation, causing the tear film to break up far more quickly (i.e. greatly 

reduced TBUT) and resulting in an unstable tear film.35,97 

Environmental conditions significantly influence how quickly the tear film evaporates. Key factors 

include ambient RH, temperature, and air flow, all of which must be carefully controlled when 

assessing tear evaporation.98 The factors influencing the rate of tear evaporation are 

comprehensively examined in the following section. 

2.2.1 Factors Affecting the Rate of Tear Evaporation 

2.2.1.1 Ocular factors 

The tear evaporation rate (TER) is heavily influenced by the tear film's quality and stability, which 

is greatly determined by the thickness and quality of the lipid layer.99 This is because the aqueous 

layer is protected by the lipid layer from evaporation. If the lipid layer is removed or thinned, water 

molecules are more able to escape from the underlying aqueous layer. 

Generally, when a larger ocular surface area is exposed to the atmosphere, there is a greater 

opportunity for more water molecules to escape to the air and, therefore, a higher TER will 

occur.100 Besides inherent eye size and palpebral aperture variations in the population, eye gaze 

position also has an effect. In eye up-gaze, as well as in a straight-ahead position, a proportionally 

larger portion of the eye are exposed to air, resulting in a much higher TER, x3.4 and x2.5, 

respectively, than an eye down-gaze position.101 

OST can influence the TER since a warmer eye will provide additional heat energy to the water 

molecules in the tear film, permitting more of them to escape and produce a higher TER. Overall, 

it has been suggested by some researchers that an increase in OST due to an increase in body 
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temperature could consequently increase tear evaporation.102,103 On the other hand, it is believed 

by some other researchers that higher eye surface temperatures leads to a greater mobility of lipids 

over the aqueous layer leading to a more stable tear film, and subsequently less tear evaporation.23 

Blinking is essential for maintaining a stable tear film.91 Blinking is part of a reflexive corneal 

response to ocular surface cooling due to tear evaporation, and thus blink rate can affect TER.104,105 

The movement of the lids evenly spreads the tear film over the eye surface, restabilizing the tear 

film and decreasing TER.106 Blinking is a major stimulus for meibum secretion and enhancing 

LLT, and any reduction in blink rate consequently can cause a higher TER.107 However, a higher 

blink-rate than normal can increase TER, although this effect is greater at higher TERs.108,109 

Incomplete blinking can also increase TER as a result of an uneven tear film distribution across 

the eye surface. This kind of blinking is prevalent in patients with psychological fatigue or patients 

with prolonged work on visual display units.110 

2.2.1.2 Environmental factors 

RH refers to the amount of water vapor present in the air at any specific air temperature. RH is 

expressed as the percentage of the maximum amount of water vapor that a known volume of air 

can contain at a particular temperature. Since evaporation is affected by the capacity of the air to 

absorb water, air with a high RH already has a higher concentration of water molecules and has a 

limited capacity to absorb more. Air with low RH has a lower concentration of water molecules 

and thus has a higher capacity to absorb more. Consequently, evaporation will occur more easily 

in a low RH atmosphere producing a higher evaporation rate, and the converse is true for a high 

RH atmosphere. As a result, it has been shown that changes in RH will impact TER 

significantly.74,111 
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Ambient temperature plays a significant role in tear evaporation. A higher liquid temperature will 

result in a higher TER, since a molecule's kinetic energy is proportional to its temperature. The 

higher ambient temperature could assist water molecules with the energy needed for their escape 

to the air and evaporation. Alternatively, heat can also energize lipids. In the presence of a large 

migration of lipids to the mucin layer and interaction with them, the stability of the tear film may 

be decreased and consequently, TER may increase. Chronic exposure to both very high and very 

low ambient temperatures may result in increased tear evaporation and dry eye symptoms.111,112 

Dry (low RH) air currents can accelerate TER, as may occur in deserts or arid regions112, and a 

warm airflow can provide the kinetic energy that water molecules require to escape from the ocular 

surface. Accordingly, when there is a warm and dry wind that moves horizontally or downward 

along the head region, the stability of the tear film decreases significantly, which increases the 

TER.113 

2.2.1.3 Systemic factors 

The measurement timepoint during the day may be a factor in TER measurement. LLT is greater 

in the morning than the afternoon due to overnight accumulation of oil on the lid margin and to 

increased meibum release from the eyelid glands just after wakening in the morning. This suggests 

that there is reduced evaporation from the tear film in the morning, or potentially more 

variability.114 

With increasing age, both structural and functional changes in eye anatomy and physiology occur 

in both men and women. The blink rate decreases, as well as tear stability and LLT. An age-related 

decrease in blink rate can occur in older subjects, which may lead to an increase in TER, 

particularly if tear stability is also reduced.115 On the other hand, some studies describe an increase 

in LLT with aging, as well as a greater amount of lipid in women than men until the age of 60 
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years, suggesting an effect of hormonal changes on lipid secretion116 that produces less evaporation 

in elderly subjects.117 Older subjects may have a lower OST, which may also have an inhibitory 

effect on tear evaporation.118 However, Craig and Tomlinson found no relationship between TER 

and age or gender, and suggested that any potential increase in TER in older subjects is a result of 

pathological complications.119 

The effect of the subjectôs sex on TER is still controversial. Guillon and Maissa reported a greater 

TER in women than men.109,120ï122 However, another study showed that OST was 0.16ÁC higher 

in male participants, which could be a trigger of higher TER in this sex.123 

Some important sex hormones are known to affect meibomian gland function, which may alter 

lipid layer structure. These changes are linked to an increase in EDE and likely produce an increase 

in the TER, although this has not been demonstrated.124 Androgens can stimulate meibomian gland 

lipid secretion, and any deficiency in meibum production due to aging or some other disorders 

(e.g., Parkinson's disease) will adversely affect TER.41,125ï129 Estrogen and progesterone, on the 

other hand, are stimulators for the secretion of inflammatory cytokines and enhance secretion in 

the meibomian glands130ï133 and lacrimal glands.134,135 However, some studies argue that an 

alteration in the level of estrogen and progesterone will not change subjective symptoms and 

objective measurements, such as tear turnover rate, osmolarity, stability, and TER.136,137 

2.2.2 Measurement of Tear Film Evaporation 

Evaporimetry is a technique used to measure the rate of water loss from a surface through 

evaporation. This method is commonly applied in dermatology to evaluate trans-epidermal water 

loss as an indicator of skin barrier function.138  

Measuring TER is a critical diagnostic tool for distinguishing EDE from other forms of DED.139 

Excessive tear evaporation plays a crucial role in EDE, where tears evaporate too quickly to 
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maintain a stable tear film.34 The most common cause of EDE is MGD, where insufficient lipid 

secretion leads to a deficient lipid layer, allowing the aqueous tears to evaporate rapidly.34 This 

results in tear film instability, hyperosmolarity, and ocular surface inflammation, key features of 

dry eye pathophysiology.74 

Evaporimeters quantify the evaporation rate by assessing how quickly the tear film loses moisture 

under controlled conditions, helping clinicians evaluate tear stability and lipid layer function. 

Increased TER is a hallmark of EDE, often correlating with shortened TBUT and elevated tear 

osmolarity, both of which are key markers for DED diagnosis. 

2.2.2.1 Types of Evaporimeters 

Evaporimeters are instruments designed to measure  trans-epidermal water loss by detecting 

changes in humidity and temperature. These devices typically include temperature and RH sensors 

to assess the evaporation rate of water from the skin or other surfaces. They are widely used in 

dermatology, biomedical research, and material science to evaluate barrier function and moisture 

loss.138,140  

The classification of evaporimeters can be based on their chamber design and ventilation 

characteristics, as illustrated below (Figure 2-3). 
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Figure 2-3: Classification of evaporimeters based on chamber design (closed, open, semi-open) 

and ventilation type (ventilated, unventilated) (Image created by the author). 

 

2.2.2.1.1 Evaporimeter Classification According to Measurement Chamber Design 

§ƓĲŰц9őċůĤĲƖЮEƻċƓŸƖŔůĲƣĲƖƚ 

Open-chamber evaporimeters are instruments designed to measure the TER by assessing the rate 

at which water vapor is lost from the tear film into the surrounding environment. These systems 

continuously expose RH and temperature sensors to ambient air, allowing for real-time trans-

epidermal water loss measurement.138 They require an acclimation period for sensor stabilization 

and are highly sensitive to environmental changes, such as air currents and temperature 

fluctuations.138,141 Despite their sensitivity, open-chamber devices provide continuous data 

acquisition, making them advantageous for long-term studies.142,143 

Evaporimeters

Chamber

Closed Open Semi-Open

Ventilation

Ventilated Unventilated
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These instruments often employ sensors to detect water vapor flux near the eye. The TER is 

calculated by: 

ὝὉὙ
ὐέὴὩὲὐὧὰέίὩὨ

ὃ
 

Where: 

¶ Jopen is the evaporation rate with the eye open. 

¶ Jclosed is the evaporation rate with the eye closed (serving as a baseline to account for non-

ocular water loss). 

¶ A is the exposed ocular surface area. 

In these instruments, TER is expressed in grams per square meter per hour (g/mĮ/h) or grams per 

square centimeter per second (g/cmĮ/s), depending on the measurement system and study design. 

One example of an open-chamber evaporimeter is the TewameterÈ TM Hex (Courage + Khazaka 

Electronic GmbH, Cologne, Germany) (Figure 2-4). The TewameterÈ TM Hex is an advanced 

open-chamber evaporimeter designed to measure trans-epidermal water loss, providing insights 

into the skin's barrier function. The TM Hex has 30 sensor pairs arranged in six columns to enhance 

measurement accuracy and reliability.144ï146 In the current literature, there is a paucity of studies 

evaluating the application of the TewameterÈ TM Hex in measuring TER, but a study employing 

the TewameterÈ TM 300, the predecessor of the TM Hex, utilized modified goggles to measure 

trans-epidermal water loss from the ocular area. The findings indicated significantly higher trans-

epidermal water loss  in patients with DED compared to control subjects, suggesting increased tear 

evaporation in DED patients.147 
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Figure 2-4: Transepidermal water loss measurement and a schematic overview of the open-

chamber device measuring probe148 (Image from: Fluhr JW, Darlenski R. Trans-Epidermal Water 

Loss (TEWL). In: Berardesca E, Maibach HI, Wilhelm KP, eds. Non-Invasive Diagnostic 

Techniques in Clinical Dermatology. Springer; 2014:353-356. doi:10.1007/978-3-642-32109-

2_32). 

 

9ũŸƚĲĬц9őċůĤĲƖЮEƻċƓŸƖŔůĲƣĲƖƚ 

Closed-chamber systems isolate the measuring environment by enclosing the sensor within a 

chamber placed on the skin, effectively isolating it from external environmental factors.138 This 

design allows for improved control over internal conditions, such as RH and temperature, thereby 

enhancing the accuracy of TER measurements. However, water vapor can accumulate within the 

chamber, leading to an increase in RH, which requires a break between measurements to allow the 

chamber to return to baseline conditions.138,140 
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The measurement process involves monitoring changes in RH and temperature within the chamber 

over time. The TER is calculated using the following formula: 

ὝὉὙ 
ЎὙὌ

ῳὸ
  ὑ 

Where: 

¶ ȹRH is the change in RH within the chamber over the measurement period ȹt. 

¶ K is a device-specific calibration constant that accounts for the chamber's volume, sensor 

sensitivity, and other factors. 

This formula quantifies the mass of water evaporated per unit area of the ocular surface over a 

specified time period, typically expressed in grams per square meter per hour (g/mĮ/h). 

A notable example is the DEvice HygrometerÉ (AI, Rome, Italy), which measures tear film 

evaporation by detecting RH fluctuations in a controlled pre-ocular micro-environment (Figure 2-

5).149 This non-contact method  facilitates objective TER assessment, though its clinical 

applicability remains under investigation. 
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Figure 2-5: A schematic design of DEviceÉ ocular hygrometer. The figure shows a side and rear 

view of the schematic representation of a mono sensor diagnostic prototype with: an eyepiece 

cup (10); the sensor (20) placed inside it; a processing board (30) equipped with processor (31), 

memory (34) and wireless connection device (32); the optional connection cable (33); a digital 

screen (40) with buttons (41); and a rechargeable power supply battery (50) placed in the 

handle.149 (Image from: Gaudenzi D, Mori T, Crugliano S, et al. AS-OCT and Ocular 

Hygrometer as Innovative Tools in Dry Eye Disease Diagnosis. Applied Sciences. 

2022;12(3):1647. doi:10.3390/app12031647). 

 

ÉĲůŔц§ƓĲŰЮ9őċůĤĲƖЮEƻċƓŸƖŔůĲƣĲƖƚ 

Semi-open chamber evaporimeters incorporate an open grid that allows for continuous water vapor 

escape while shielding the sensor from air currents.138 This design aims to balance the controlled 

environment of closed chambers with the natural exposure of open chambers. However, it is 
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important to note that semi-open chambers may have larger standard errors in measurement 

compared to closed chambers, likely due to increased susceptibility to environmental variations.138 

The fundamental formula for measuring the TER in semi-open chamber evaporimeters is similar 

to that used in closed-chamber devices. 

2.2.2.1.2 Evaporimeter Classification According to Ventilation Control Design 

Evaporimeters are also categorized based on the presence or absence of ventilation: 

éĲŰƣŔũċƣĲĬЮEƻċƓŸƖŔůĲƣĲƖƚ 

Ventilated evaporimeters introduce a controlled flow of dry gas into the pre-ocular chamber at a 

predefined humidity level (low RH) , and measure RH at both the entry and exit points.138,140 These 

instruments provide highly controlled conditions and improved measurement precision, but 

require specialized set-ups and are more expensive. 

The TER in ventilated-chamber systems is calculated using the following formula: 

ὝὉὙ 
ὗ  ЎὙὌ

ὃ
 

Where: 

¶ Q is the volumetric airflow rate through the chamber. 

¶ ȹRH represents the difference in RH between the inlet and outlet air streams. 

¶ A denotes the exposed ocular surface area. 

This formula quantifies the mass of water evaporated per unit area of the ocular surface over a 

specified time period, typically expressed in grams per square meter per hour (g/mĮ/h). 

An example of a closed-chamber ventilated evaporimeter is that developed by Miguel F. Refojo 

and Maurizio Rolando (Figure 2-6). The device features a sealed goggle design that isolated the 
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eye from external conditions. It included air inlets and outlets for controlled airflow, preventing 

RH buildup. RH and temperature sensors inside the chamber measured water vapor changes to 

calculate the TER.8 

 

Figure 2-6: The closed-chamber ventilated tear evaporimeter invented by Miguel F. Refojo and 

Maurizio Rolando8 (Image from: Rolando M, Refojo MF. Tear evaporimeter for measuring water 

evaporation rate from the tear film under controlled conditions in humans. Experimental Eye 

Research. 1983;36(1):25-33. doi:10.1016/0014-4835(83)90086-6). 

 

ÖŰƻĲŰƣŔũċƣĲĬЮEƻċƓŸƖŔůĲƣĲƖƚ 

Unventilated evaporimeters are devices used to measure evaporation rates without the aid of 

externally introduced airflow or ventilation. Unlike ventilated evaporimeters, which actively 

circulate air around the surface being tested, unventilated evaporimeters rely solely on the passive 

diffusion of water vapor. They measure changes in RH or mass within a defined chamber or area 

adjacent to the evaporation surface.138 Unventilated evaporimeters are available in both closed and 

open chamber designs. 

The TER is calculated using the following formula: 

ὝὉὙ 
ЎὙὌ

ῳὸ
  ὑ 
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Where: 

¶ ȹRH is the change in RH within the chamber over the measurement period ȹt. 

¶ K is a device-specific calibration constant that accounts for the chamber's volume, sensor 

sensitivity, and other factors. 

This formula quantifies the mass of water evaporated per unit area of the ocular surface over a 

specified time period, typically expressed in grams per square meter per hour (g/mĮ/h). 

An example of an unventilated evaporimeter is the Modified ServoMed EP-3 evaporimeter, an 

open-chamber design featuring a semi-enclosed measurement space positioned close to the ocular 

surface (Figure 2-7). It employs temperature and RH sensors to monitor natural, passive tear film 

evaporation without the influence of artificial airflow, providing accurate TER assessment.150 
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Figure 2-7: Modified ServoMed EP-3 (open-chamber, unventilated) evaporimeter measuring tear 

film evaporation using temperature and RH sensors 150(Image from: Trees GR, Tomlinson A. 

Effect of artificial tear solutions and saline on tear film evaporation. Optom Vis Sci. 

1990;67(12):886-890. doi:10.1097/00006324-199012000-00002.). 

 

2.2.3 Challenges in Measuring Tear Film Evaporation: Variability in Existing 

Methods 

Over the years, the development and refinement of evaporimeters have led to significant variations 

in instrumentation components and experimental protocols. Differences in sensor technology, 

sampling intervals, testing duration, participant instructions, and the physical properties of 

measurement chambers contribute to discrepancies in data across studies. Below is a breakdown 

of key methodological differences. 

Sampling Frequency: Advancements in sensor technology have enabled more frequent data 

collection, leading to improved temporal resolution in evaporimetry research. The sampling 

intervals across studies range from every 0.2 seconds,151 0.25 seconds,152 1 second,147 2 seconds,15 

to as long as every 10 seconds.9 These variations impact the ability to detect transient changes in 

evaporation and may influence the precision of derived TER. 
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Measurement Duration: Excluding the time required for ventilation, the duration of evaporation 

assessments varies significantly. Studies have reported measurement times as brief as less than 10 

seconds,153 while others extend to 1 minute,8 100 seconds,152 110 seconds,9 2 minutes,10,154 and up 

to 5 minutes.155 McCulley et al.,17 using a Mathers-based evaporimeter, documented the time 

required for RH changes within the chamber - 14.5 seconds to shift from 25% to 35% RH and 22.5 

seconds from 35% to 45% RH. The chosen duration influences the stability of evaporation readings 

and the extent of ocular adaptation during measurement. 

Blink Control Strategies: Blinking plays a crucial role in maintaining tear film stability, and 

different studies have adopted distinct approaches to managing participant blink rates. Many 

studies allow natural blinking,9,10,147,152,155,156 which better represents real-world conditions. 

However, some researchers standardize IBIs, instructing participants to blink every three 

seconds18,157 or every five seconds,152 while others restrict blinking for up to one minute.8,153,158,159 

Even when using the commercially available Eye-VapoMeter (closed-chamber, unventilated 

evaporimeter) methodologies are inconsistent. Some studies require participants to hold their eyes 

open for the duration of the test,153,158,160,161 particularly for brief assessments lasting less than 10 

seconds,153 while others permit spontaneous blinking.159,162 These inconsistencies highlight the 

necessity for standardized protocols to enhance cross-study comparisons. 

Open vs. Closed Eye Measurements: A significant portion of the evaporimeter chamberôs internal 

area (77%) is covered by periorbital skin,10 which contributes 5% to 18% of the total measured 

evaporation rate when using the Eye-VapoMeter system.10,163 This highlights the importance of 

distinguishing between ocular surface evaporation and periorbital skin evaporation to ensure 

accurate assessment of TERs. The mean Ñ SD evaporation rates for periorbital skin have been 

reported as 3.73 Ñ 2.4 Ĭ 10  g/cmĮ/s in mixed dry-eye and non-dry-eye participants,10 11.9 Ñ 1.8 
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Ĭ 10  g/cmĮ/s in non-dry-eye subjects, and 16.1 Ñ 5.9 Ĭ 10  g/cmĮ/s in individuals with floppy 

eyelid syndrome.164 To isolate evaporation attributable to the ocular surface, most researchers 

calculate the difference in evaporation rates between open-eye and closed-eye 

conditions.9,10,13,17,150,152ï155,159ï162,165ï167 However, alternative protocols exist, such as using 

closed-eye measurements solely for instrument calibration168 or as a baseline before ventilation.8 

Some researchers, like Bilkhu et al.,158 opted against closed-eye assessments, instead using 

repeated measurements in the same participant as a control. 

Use of Occlusive Agents to Reduce Skin Evaporation: To minimize moisture loss from the 

periorbital skin during evaporimetry, some researchers have applied petroleum jelly as an 

occlusive barrier, resulting in a significant reduction in skin evaporation by 70% to 

87.6%.10,153,160,169 When this method is combined with closed-eye measurements, which suppress 

tear evaporation, it enables the calculation of a baseline skin-related evaporation rate. This baseline 

can then be subtracted from open-eye values, allowing for a more accurate estimation of tear-

specific evaporation. Together, this approach has been shown to reduce the overall measured 

evaporation rate by approximately 64.1%.153 Petroleum jelly has also been used around the edges 

of measurement goggles to prevent air leakage and maintain a controlled testing environment .163 

The effectiveness of petroleum jelly highlights the importance of accounting for skin-related 

evaporation when measuring ocular surface water loss. 

Variation in Evaporimeter Chamber Volume: The physical dimensions of evaporimeter 

measurement chambers influence the internal micro-environment and evaporation dynamics. 

Previously studied chamber or goggle volumes varied considerably, with reported values including 

16 cmį for swimming goggles, 20 cmį,152 25 cmį,10 and larger setups such as a 44 cmį goggle-and-

cylinder system9 or an 80 cmį total volume when incorporating external ventilation tubing.8 The 
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larger the chamber, the more it can buffer RH fluctuations, potentially impacting measurement 

sensitivity and response time. 

2.3 Ocular Surface Temperature 

The concept of heat has been of interest to scientists and clinicians for over 2,000 years as it is one 

of the physiological properties of the human body. Hippocrates, in 400 BC, wrote ñAnd in whatever 

part of the body heat or cold is seated, there is diseaseò (Aphorisms IV.39). All metabolic events 

in the body produce heat, and that heat must be dissipated, which is one of the fundamental 

parameters of tissue metabolism. Conduction and convection transfer heat to the body surface, 

principally through the vascular system, which then radiates that heat into the surrounding 

environment. Therefore, it is reasonable to measure temperature to gain a deeper understanding of  

physiology, a feature that has been recognized by numerous researchers in this field.24,25,170  

2.3.1 Significance of Ocular Surface Temperature Measurement 

OST measurement is particularly helpful for understanding and monitoring diseases that affect the 

temperature of the eye (e.g., glaucoma), where changes in OST can be a precursor to vision loss.26 

By measuring OST, researchers can identify changes in tissue metabolism and monitor the 

progression of the disease, potentially allowing for more effective treatments and improved 

outcomes. Various conditions, such as DED, can also cause inflammation of the ocular surface, 

which in turn affects OST.171 Measuring OST can help to identify these changes and provide an 

accurate assessment of the degree of inflammation, allowing for a more precise diagnosis and 

treatment of DED. In addition, it can be used to evaluate the effectiveness of existing treatments 

and determine if additional interventions are necessary. 
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Tear film parameters are known to affect OST. Studies have consistently found that shorter tear 

break-up times lead to more significant decreases in OST during the IBI.27,172 A larger tear volume, 

an unstable tear film, and increased blink frequency were all associated with significant changes 

in OST cooling rate.172ï176 Since these parameters define DED, OST measurement has the potential 

to be used as a screening tool. 

2.3.2 Measurement of Ocular Surface Temperature 

2.3.2.1 Early Techniques 

Advancements in OST measurement have mirrored the broader progress in body thermometry 

techniques. In ancient civilizations, temperature was assessed only in relative terms. The Greeks 

and Egyptians relied on touch to evaluate body temperature, a practice that persisted until the 16th 

and 17th centuries. By the middle of the 17th Century, Galileo had invented a thermoscope. The 

principle behind Galileo's invention was to observe the expansion and contraction of air or liquid 

to determine temperature changes. As a result of this concept, mercury-in-glass thermometers were 

invented, which allowed for more accurate measurements of temperature. The mercury 

thermometer has traditionally been the standard tool for temperature measurement across the 

globe. However, due to growing concerns over mercury toxicity and hygiene, it is increasingly 

being supplanted by alternatives, such as thermocouples, thermistors, and radiometers for 

measuring middle ear temperature. Today's disposable sterile thermocouples operate on the same 

principle, but they are more accurate and easier to handle due to advancements in technology and 

materials. Furthermore, liquid crystal thermography provides another method for assessing surface 

temperature. Technological advancements in the 1970s enabled practical applications of 

Lehmannôs 19th-century discovery that certain cholesteric esters change color in response to 

temperature fluctuations. These liquid crystals can be embedded within plastic or rubber sheets 
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and placed on the skin, thereby generating a thermographic image with color-coded temperature 

variations. However, due to their low resolution, their usage today is largely confined to simple 

diagnostic tools, such as Feverscan strips (Robinson Healthcare, Workshop, UK), commonly 

applied to children's foreheads for fever detection.177 All these methods require direct contact 

between the device and the patient, measuring temperature through conducted heat. However, the 

most significant advancements in body temperature measurement over the past 40 years have 

focused on techniques that detect radiated heat from the body's surface. 

OST measurement technology has evolved over the same time period. OST measurement was 

initially based on direct contact with the eye surface, such as with thermistors and mercury bulbs. 

The results were, however, inaccurate due to the conductive heat exchange between the probe and 

the ocular surface and reflex tearing, leading to poor resolution.178,179 

2.3.2.2 Infrared Thermography 

Remote sensing enables the detection of radiated heat from efficient emitters, such as the human 

body's surface. This non-contact technique is particularly beneficial in OST measurement, offering 

several advantages over direct contact methods. By being non-invasive, the technique enhances 

patient comfort, and reduces the risk of measurement interference, making it a preferable choice 

in both clinical and research settings.33,178,180,181 

Unlike contact-based approaches, which can alter local temperature due to mechanical pressure or 

heat transfer, infrared thermography (IRT) provides a passive, real-time assessment of temperature 

distribution across the ocular surface. This capability allows for the evaluation of temperature 

variations over a broader area rather than a single point, thereby minimizing the risk of 

misinterpretation caused by localized vascular activity. For instance, blood vessels near a contact 
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sensor may create an artificial impression of widespread temperature elevation, whereas IRT 

accurately captures regional variations without direct interference. 

Two other key advantages of IRT are its speed and efficiency, enabling rapid temperature 

assessments without disrupting natural physiological conditions. Furthermore, IRT allows for 

flexible measurement approaches by capturing either the entire ocular surface or focusing on a 

specific ROI, such as the central cornea or limbus. This level of precision is particularly valuable 

in studying ocular thermodynamics, tear film behavior, and pathological changes that may not be 

detectable through conventional techniques. 

By offering a comprehensive, accurate, and non-invasive method, IRT has emerged as the standard 

method for obtaining OST. The first attempt to measure OST using IRT was made by Mapstone in 

1968. He employed an optical bolometer to quantify the radiation emitted from the eyeôs surface, 

demonstrating that this technique provided a more accurate temperature measurement than 

traditional contact thermometry.176 Mapstone investigated factors determining OST,182 

investigated interocular differences in OST,183 and developed thermographic profiles of various 

eyes .180 Many studies of the ocular surface have been influenced by his work. IRT technologies 

have recently advanced to increase the accuracy of OST measurement, and they are increasingly 

being applied to individuals with and without ocular surface diseases. 

Research on IR measurement of the eye indicates that the primary source of radiated heat detected 

by IR imaging originates from the tear film, which functions as both an absorber and emitter of 

infrared radiation: absorbing IR from deeper ocular structures, such as the cornea, and re-emitting 

the absorbed energy, which is then captured by a detector, such as a thermal camera. The thickness 

of the tear film is a critical factor in determining the extent of radiation absorption from underlying 
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layers. In cases where the tear film is significantly reduced or absent, the temperature recorded 

reflects that of the cornea itself. 

Empirical findings indicate that a tear film thickness ranging between 4ï10 ɛm results in the 

absorption of approximately 55ï80% of IR radiation from deeper ocular layers, respectively. When 

the tear film exceeds 20 ɛm in thickness, it completely absorbs IR radiation from underlying 

structures, ensuring that the detected emission originates exclusively from the tear film.49,184 The 

high sensitivity of IRT to tear film variations underscores its potential as a valuable tool for 

assessing tear film stability. 

2.3.2.2.1 Single-Point vs Dynamic Measurement Approaches in IR Thermography 

IRT allows for two distinct types of measurements: 

Single time point measurement: This approach evaluates OST at a specific moment, such as 

immediately following a blink. Several studies have explored variations in single-point OST 

measurements between individuals with DED and healthy controls. Some researchers have found 

that DED subjects exhibit significantly lower OST compared to controls across multiple time 

points, including immediately after a blink and at subsequent intervals of 5 and 10 seconds.185 In 

contrast, other investigations have reported a slightly higher mean OST in the DED group, with 

one study documenting a mean OST of 32.38 Ñ 0.69ÁC in DED patients compared to 31.94 Ñ 

0.54ÁC in controls (p<0.001).171 Furthermore, some studies have highlighted differences in 

temperature gradients across the ocular surface, with findings indicating that the temperature 

differential between the central cornea and limbus is significantly greater in DED individuals than 

in healthy subjects.171 The higher limbal temperature is hypothesized to result from limbal 

hyperemia, which could contribute to the regional OST variations observed in DED patients. 

However, not all studies have reported significant differences in single-point OST measures 
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between DED and control groups, with some investigations failing to detect meaningful 

distinctions immediately following a blink.186 

Dynamic measurement: This method assesses the OST cooling rate over a defined period, such as 

during the 10 seconds following a blink. Compared to single-point OST assessments, dynamic 

OST measurements have demonstrated a stronger correlation with DED, as the cooling rate reflects 

tear film instability and evaporation. Several studies have reported that DED subjects exhibit a 

more pronounced temperature decline over the 10-second post-blink period compared to controls, 

reinforcing the idea that increased tear evaporation contributes to DED pathophysiology.187 In 

addition, another study that specifically examined a shorter IBI (3 seconds) found that the rate of 

change in OST at the corneal center declined from 1.00 to ~0.93 in the DED group, whereas the 

temperature drop was less pronounced in the control group (1.00 to ~0.96).31 These findings have 

led to growing interest in OST cooling rate as a potential screening tool for DED, particularly for 

identifying patients with EDE. 

While dynamic OST measurements show a clearer relationship with DED, single-point OST 

measurements remain an area of debate due to inconsistencies in findings. Several factors may 

contribute to these discrepancies, including differences in the studied population, measurement 

methodologies, and timing of temperature assessments, such as whether the measurement occurs 

immediately after a blink or a few seconds later. Although single-point OST measures may not 

consistently distinguish DED from healthy controls, some researchers propose that they may be 

effective in differentiating EDE from Aqueous Deficient Dry Eye. One study reported that patients 

with EDE exhibit a higher initial OST than those with Aqueous Deficient Dry Eye, a finding 

attributed to a greater volume of tears distributed uniformly across the ocular surface, which helps 

maintain a higher baseline OST.187 However, due to the increased rate of tear film evaporation in 
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EDE, these patients also exhibit a greater OST cooling rate compared to those with Aqueous 

Deficient Dry Eye. Based on these observations, IRT has been proposed as a potentially valuable 

tool for determining the underlying etiology of DED.187 

2.3.3 Challenges in Measuring Ocular Surface Temperature: Variability in IR 

Thermography Methods  

While these measurement approaches focus on different temporal aspects of OST assessment, the 

effectiveness of IRT also depends on the hardware configuration of the imaging system and the 

analytical methods used to process the captured thermal data. 

IRT systems used for OST measurement can be classified into single-camera and dual-camera 

configurations, each with its own advantages and limitations (Figure 2-8). A considerable body of 

research has explored the application of IRT in OST measurement, employing various methods for 

analyzing the captured IR images. These analytical approaches are designed to extract relevant 

temperature data and can differ based on image processing techniques, ROI selection, and 

measurement protocols. 
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Figure 2-8: Classification of infrared thermography (IRT) systems based on configuration and 

level of automation (Image created by the author). 

 

Single-camera systems rely solely on an IR camera to capture temperature data from the ocular 

surface. However, due to the lack of visible-light imaging, accurately defining the ROI, particularly 

the corneal boundary, presents a significant challenge. These systems can be categorized into 

manual, semi-automatic, and fully automated methods, each varying in the degree of user 

involvement and the level of precision achieved. 

Manual methods require the user to select measurement points on the cornea, making them highly 

dependent on subjective input. Early studies, such as those conducted by Efron et al., measured 

OST at eleven points along a horizontal meridian across the cornea, spaced 0.5 mm apart.188 

Morgan et al. used a different approach by defining five 10Ĭ10 pixel boxes of approximately 1 

mmĮ each along the same meridian.189 Other studies, including those by Galassi et al. and Sodi et 

al., positioned five measurement points at specific corneal locations to investigate temperature 

IR thermography 
systems

Single-camera

Manual

Semi-automatic
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variations in conditions such as primary open-angle glaucoma (POAG) and central retinal vein 

occlusion (CRVO).190,191 Chiang et al. and Ng et al. introduced a circular ROI, typically 4.4 mm 

diameter, to evaluate OST changes over time.192,193 Building on these manual approaches, Tan et 

al. introduced a diamond-shaped ROI selection method for OST measurement, incorporating 

specific anatomical landmarks across the ocular surface (Figure 2-9). Their approach placed 

measurement points at the temporal and nasal limbus, extreme temporal and nasal conjunctiva, 

mid-temporal and mid-nasal conjunctiva, and the geometric center of the cornea. This 

configuration provided a structured framework for capturing temperature variations across 

different ocular regions, offering a broader spatial assessment of OST.185  

 

Figure 2-9: Ocular surface marking and OST acquisition using the novel ñdiamondò method185 

(Image from: Tan LL, Sanjay S, Morgan PB. Static and Dynamic Measurement of Ocular 

Surface Temperature in Dry Eyes. J Ophthalmol. 2016;2016(1). doi:10.1155/2016/7285132). 
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While these studies have provided valuable insights, the reliance on manual selection methods has 

introduced significant limitations, including inter-operator variability, increased workload, and 

subjective bias. One key challenge in manually drawing the ROI is the difficulty in consistently 

identifying anatomical boundaries, especially in thermal images where contrast may be low and 

corneal borders are not sharply defined. Variations in lighting, eye position, and blink-induced 

motion blur can further complicate accurate ROI placement. Even minor discrepancies in ROI 

size, shape, or placement can significantly alter temperature readings, especially in small and 

highly sensitive thermal zones. These challenges have motivated researchers to explore alternative 

methodologies, including semi-automatic and fully automated techniques, which aim to improve 

reproducibility and efficiency in OST measurement. Table 2-2 presents a comparative overview of 

published studies using IRT for OST assessment, highlighting variations in ROI selection 

strategies, measurement durations, and imaging modalities across different research protocols. 
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Table 2-2: Comparative overview of IRT-based OST measurement protocols, showing differences in ROI selection, measurement 

durations, and imaging modalities across key investigations. 

Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

1993 

Morgan et 

al.194 

Five anatomical points across a line 

running horizontally through the centre 

of the cornea 

4- 5 seconds No blinking 

NEC6T62  

(NEC San-ei Instruments, Tokyo, Japan) 

1995 

Morgan et 

al.189 

Five anatomical locations along the 

horizontal meridian running through the 

centre of the cornea, 10 x 10 pixels in 

size 

5 seconds after 

a 3 second 

period of eye 

closure 

No blinking 

NEC6T62  

(NEC San-ei Instruments, Tokyo, Japan) 

1996 

Fujishima et 

al.104 

Central cornea 10 seconds No blinking 

THI-500  

(Tasko Japan, Osaka, Japan) 

1997 Mori et al.105 

Central cornea, a box measuring 20 X 

20 pixels, or 3.3 mm2 

10 seconds No blinking 

Thermal Vision Laird 3  

(Nikon Corp, Tokyo, Japan) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2000 Craig et al.170 Mean of central cornea pixels 

4ï 5 seconds 

after a 3 

second period 

of eye closure 

No blinking 

NEC6T62  

(NEC San-ei Instruments, Tokyo, Japan) 

2005 

Zelichowska et 

al.195 

Central cornea 

0, 5, 10 and 15 

seconds after 

opening the 

eye 

No blinking 

ThermaCam SC-1000  

(FLIR Systems, Oregon, USA) 

2005 

Singh and 

Bhinder196 

Full ocular surface 

Closed and 

open eye 

temperature 

for 5 seconds 

No blinking 

IR and remote heat sensor  

(MT2 -Raytak, USA) 

2006 Chiang et al. 

Central cornea (region of 4.4 mm 

diameter and 22 pixels) and periphery 

Minimum of 

4.5 seconds 

No blinking 

Infrared Thermal Imager 

(BOEING U3000A, DRS Sensors & 

Targeting Systems, USA) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2007 Sodi et al.191 

Central cornea, nasal and temporal 

canthi (five anatomic points equally 

spaced out, across a line running 

horizontally through the center of the 

cornea and connecting medial and lateral 

canthi) 

15 seconds No blinking 

AGEMA Thermovision 800 LWB (AGEMA 

Infrared Systems 1991 AB, Donderyd, 

Sweden) 

2007 

Purslow & 

Wolffsohn172 

An area of 4 mm in diameter at 

Geometric Corneal Center (GCC) 

8 seconds No blinking 

ThermoTracer 7102MX (NEC San-ei 

Instruments, Tokyo, Japan) 

2007 Galassi et al.190 

Five anatomical points across a line 

running horizontally through the centre 

of the cornea 

20 seconds No blinking 

AGEMA Thermovision 800 LWB (AGEMA 

Infrared Systems 1991 AB, Donderyd, 

Sweden) 

2009 Tan et al.179 Geometric Corneal Center  4 - 5 seconds 

No blinking / 

Upper lid lifted 

by a cotton bud 

ThermoTracer TH9100MV 

(NEC San-ei Instruments, Tokyo, Japan) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2011 Kamao et al.186 

Three circular ROI: central cornea with 

4mm in diameters, nasal and temporal 

conjunctiva with 2 mm diameters 

10 seconds No blinking 

Tomey TG 1000 

 (TOMEY Corporation, Nagoya, Japan) 

2011 Su et al.198 

ROI determined by four curves 

connected between four manually set 

apexes (top and bottom of the eye, left 

and right corners of the eye) 

6 seconds No blinking 

Custom non-contact system containing an 

uncooled microbolometer sensor 

(BOEING U3000A, DRS Sensors & 

Targeting Systems, USA) 

2012 

Kottaiyan et 

al.199 

Central cornea 5 seconds No blinking 

Thermovision A40 

(FLIR Systems, Oregon, USA) 

2012 

Klamann et 

al.200 

Full ocular surface 10 seconds No blinking 

Tomey TG 1000 

(Tomey Corp, Nagoya, Japan) 

2014 Su et al.201 

Full ocular surface, 

area of tear break-up 

6 seconds No blinking 

IT-85 

(United Integrated Services Co., Taiwan) 

2014 

Gonnermann et 

al.202 

Full ocular surface 

More than 10 

seconds 

No blinking 

Tomey TG 1000 

(Tomey Corp, Nagoya, Japan) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2014 

Azharuddin et 

al.203 

Corneal surface 15 seconds No blinking 

FLIR SC305 

(FLIR Systems, Oregon, USA) 

2014 

Acharya et 

al.204 

Full ocular surface 20 seconds No blinking 

VarioTHERM head II 

(Dresden, Germany) 

2015 Li et al.27 

Corneal surface, 

tear film break-up regions 

Until tear film 

break-up 

15.5 ° 10.3 

seconds 

Holding eyes 

open as long as 

possible 

FLIR A655sc 

(FLIR Systems, Oregon, USA) 

2015 Zhang et al.205 Central cornea, 7~9 mm circular 25 seconds 

Blinking every 

5 seconds 

FLIR SC325 

(FLIR Systems, Oregon, USA) 

2015 Versura et al.206 Central cornea, 4 mm circular 10 seconds No blinking 

Tomey TG 1000 

(Tomey Corp, Nagoya, Japan) 

2016 

Matteoli et 

al.207 

Central cornea, temporal and nasal 

canthi, and sclero-conjunctival limbi 

7 seconds No blinking 

FLIR A320  

(FLIR Systems, Oregon, USA) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2016 Tan et al.185 

Geometric corneal center, extreme 

temporal and nasal conjunctiva, mid-

temporal and nasal conjunctiva, 

temporal and nasal limbi 

10 seconds No blinking 

NEC TH9420  

(NEC San-ei Instruments, Tokyo, Japan) 

2017 

Sudarshan et 

al.208 

Upper half and lower half regions of the 

ocular surface (cornea + conjunctiva) 

20 seconds No blinking 

VarioTHERM head II device  

(Dresden, Germany) 

2018 

Matteoli et 

al.209 

Central cornea and surrounding areas 7 seconds No blinking 

FLIR 320A 

(FLIR Systems, Oregon, USA) 

2020 

Matteoli et 

al.210 

Five anatomical regions (central cornea, 

nasal/temporal conjunctiva, canthi) 

7 seconds No blinking 

FLIR 320A 

(FLIR Systems, Oregon, USA) 

2021 Ding et al.30 Full ocular surface 

Until 

discomfort 

onset (MIBP) 

14.5 ° 16.3 

seconds 

Holding eyes 

open as long as 

possible 

FLIR A655sc 

(FLIR Systems, Oregon, USA) 
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Year Investigator Measurement Area Duration 

Blinking 

Condition 

Temperature Measurement Device 

2021 Su et al.31 

Nasal, corneal, and temporal areas, each 

3 mm in diameter 

4 seconds No blinking 

IT-85 

(United Integrated Services Co., Taiwan) 

2024 Kim et al.32 Localized tear film break-up regions 

Until 

discomfort 

onset 

Holding eyes 

open as long as 

possible 

FLIR A655sc 

(FLIR Systems, Oregon, USA) 

2024 

Coroneo et 

al.28 

Full ocular surface 

Until 

discomfort 

onset 

Holding eyes 

open as long as 

possible 

TearView 

(Beyond 700, Castle Hill, NSW, Australia) 
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A close examination of Table 2-2 reveals significant variations in the methodologies employed 

across studies. Earlier investigations primarily focused on central corneal measurements, often 

using small, fixed pixel regions to define the ROI. In contrast, later studies expanded their scope 

to include wider ROIs, incorporating regions such as the limbus, conjunctiva, and full ocular 

surface to provide a more comprehensive thermal profile. Measurement durations also varied 

widely, ranging from short (4ï5 seconds) snapshots to prolonged 20ï25 second intervals, 

reflecting differences in study objectives and technological advancements. 

Additionally, blinking conditions were inconsistent across studies, with some protocols requiring 

sustained eye opening to capture continuous data, while others incorporated controlled blinking 

intervals to simulate real-world conditions. The diversity in IRT protocols underscores the lack of 

standardization in OST measurement, making direct comparisons across studies challenging. This 

methodological variability highlights the need for more consistent and automated approaches to 

ensure greater reproducibility and clinical applicability. While many earlier studies relied on 

manual ROI selection, recent advancements have led to the development of semi-automatic and 

fully-automatic approaches, incorporating image processing algorithms and AI-driven 

segmentation to reduce subjectivity and enhance measurement precision. 

Acharya et al. introduced a method that segmented the cornea based on assumed circular geometry, 

reducing the need for full manual selection.211 Matteoli et al. developed a technique using fixed 

eye shapes and geometric transformations, improving inter-subject comparison accuracy.209 While 

these approaches improved efficiency, they still required some level of user intervention for fine-

tuning and validation. 

With advances in computer vision and machine learning, fully automatic OST measurement 

methods have been developed, eliminating the need for manual selection. Tan et al. proposed a 



 46 

snake algorithm combined with a target-tracing function to automatically segment the cornea and 

extract temperature data.179 Shuang et al. implemented an active contour-based segmentation 

algorithm that further improved accuracy compared to earlier techniques.212 These automated 

methods significantly enhanced reproducibility and efficiency in OST measurement. However, 

their reliability depended on the robustness of the underlying algorithms and the quality of the 

input IR images. 

In contrast to single-camera systems, dual-camera configurations integrate an IR camera with a 

visible-light camera to improve corneal segmentation accuracy by leveraging anatomical features 

visible in standard imaging. Several variations of dual-camera designs have been explored in 

previous research. Kamao et al. developed a system in which a moving mirror alternated between 

visible and IR imaging, requiring manual OST extraction from the acquired images (Figure 2-

10).186 Su et al. introduced a germanium beam-splitter that allowed simultaneous visible and IR 

imaging of the eye, but the method still depended on manual interpretation for tear film analysis.201 

Li et al. improved upon these techniques by synchronizing two separate cameras using external 

software, facilitating a comparative analysis of tear film dynamics.27 Kricancic et al. further refined 

dual-camera imaging by incorporating a semi-reflecting germanium beam-splitter, improving the 

alignment between the IR and visible images.213 
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Figure 2-102-11: Dual camera system introduced by Kamao et al. Internal camera architecture 

and mirror installation186
 (Image from: Kamao T, Yamaguchi M, Kawasaki S, Mizoue S, 

Shiraishi A, Ohashi Y. Screening for dry eye with newly developed ocular surface 

thermographer. Am J Ophthalmol. 2011;151(5):782-791). 

 

Despite the improved accuracy in corneal localization and segmentation offered by dual-camera 

systems, additional challenges related to camera alignment, synchronization, and post-processing 

were introduced. Proper calibration and image registration are essential to ensure that the IR and 

visible images correspond accurately. Hardware-based triggering mechanisms or software-

controlled synchronization techniques were commonly employed to minimize discrepancies 

between the captured frames. On the other hand, while single-camera systems offer a simpler set-

up, they require sophisticated segmentation techniques to compensate for the lack of visible-light 

guidance. In contrast, dual-camera systems provide enhanced localization and tracking capabilities 

but involve greater complexity in terms of system design and data processing. The selection of the 

imaging system depends on the specific requirements of the study, with a balance needed between 

accuracy, automation, and practicality in OST measurement. 

All of the methods described have made a contribution to OST measurement, but there are some 

weaknesses with each method. For example, the manual methods need an experienced user input, 

and the semi-automatic and automatic methods (single IR camera) use images in which the corneal 
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boundary is indistinct and therefore only an approximation of the boundary can be provided. The 

dual camera systems provided better localization accuracy, but the method still requires user input. 

None of the described methods can localize the cornea with high accuracy and track it over time. 

Also, the methods cannot detect and remove blink artefacts from the image sequences.  

Improvements can be made by overlaying high-resolution visible and IR images, captured using a 

dual camera system, to maintain tracking of OST during eye movement and blinking, and detection 

of the elliptical palpebral aperture. Such a system provides an opportunity to analyze the ocular 

surface with much improved accuracy. This innovation led to the development of the ThermOcular 

imaging system, a cutting-edge system designed to revolutionize OST analysis by enabling precise 

real-time tracking of temperature fluctuations. With its advanced imaging capabilities, 

ThermOcular offers a powerful tool for DED diagnosis and management, contact lens research, 

and investigating the thermal triggers of blinking, paving the way for a deeper understanding of 

ocular surface dynamics.214 The ThermOcular system will be used for studies in this thesis and is 

reported in more detail in Chapter 3. 

  



 49 

2.4 Rationale and Objectives 

This thesis aims to advance the scientific understanding of tear film dynamics by critically 

examining the biophysical and physiological mechanisms governing tear evaporation and tear film 

stability. Given the high prevalence of evaporative dry eye and the recognized limitations in current 

diagnostic modalities, this work seeks to develop and validate integrative, non-invasive approaches 

capable of capturing the complex interactions between tear film structure, function, and 

environmental influences. 

The specific objectives of this research are to: 

Á Elucidate the impact of lipid layer integrity and ocular surface exposure on TER, with an 

emphasis on isolating the contributions of structural and surface area variables under controlled 

and physiologically relevant conditions. 

Á Investigate the thermodynamic behavior of the tear film through the analysis of OST and 

establish the relevance of OST as an indirect marker of evaporative loss and tear film 

instability. 

Á Examine the relationship between structural parameters (e.g., lipid layer thickness) and 

functional indicators (e.g., NITBUT and evaporation rate), thereby contributing to a more 

cohesive understanding of tear film homeostasis. 

Á Refine and validate quantitative methods for assessing tear film dynamics by integrating 

humidity-based evaporimetry and IRT with advanced imaging techniques, enabling precise, 

real-time characterization of tear film stability and evaporative behavior. 

Through these aims, the thesis seeks to contribute to the refinement of DED diagnostics and to 

inform future strategies for the assessment and management of tear film dysfunction. 
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Chapter 3 Methodology 

3.1 Waterloo Evaporimeter 

3.1.1  Purpose and Background 

EDE is the most common type of DED,215 and is caused by a poor-quality tear film. In order to 

effectively treat patients, it is important for eye care practitioners to be able to differentiate between 

the different causes of DED.216 Evaporimetry is a non-invasive method of assessing the rate of 

evaporation of the tear film from the front surface of the eye. The Waterloo Evaporimeter (Murphy 

Laboratory of Experimental Optometry, Waterloo, Canada) is a prototype goggle-based system 

designed to simultaneously measure TER from both eyes. It overcomes limitations of existing 

evaporimeters, such as the Eye-Vapometer153 (Delfin Technologies Ltd., Finland), by providing 

real-time, bilateral measurements.. 

3.1.2 Equipment and Experimental Setup 

3.1.2.1 Evaporimetry System Components 

The experimental setup consisted of the following components: 

Modified swimming goggles (Arena Zoom X-Fit, Arena Distribution SA, Lugano, Switzerland): 

equipped with a Sensirion SHT31 relative humidity and temperature sensor (Sensirion AG, Stªfa, 

Switzerland) mounted inside each goggle to enable real-time data acquisition of RH and 

temperature within the goggle. Figure 3-1 provides a front view of the modified goggles, 

highlighting the external wiring used to transmit data to the control system. Figure 3-2 shows a 

rear view of the Waterloo Evaporimeter, illustrating the sensor mounting points and cable routing. 
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Figure 3-1: Front view of the Waterloo Evaporimeter showing the cables that transmit real-time 

relative humidity (RH) and temperature data from the sensors inside the goggles to the Arduino 

Uno R3 microcontroller within the enclosed control box(Image created by the author). 

 

              

Figure 3-2: Rear view of the Waterloo Evaporimeter. Three small holes have been drilled into the 

goggle. Two holes (yellow arrows) are for screws to attach sensors. The third hole allows air 

within the goggle to interact with the sensor (Image created by the author). 

 

Data Acquisition System: Both sensors are linked to an Arduino Uno R3 microcontroller (Arduino, 

Monza, Italy) which are housed within an enclosed plastic control box. A USB connection 

facilitated communication between the microcontroller and a Fujitsu Lifebook S Series laptop. A 

custom software (Goggle, Dr. Ehsan Zare Bidaki, University of Waterloo) was used for real-time 

recording and analysis of temperature and RH data collected by the sensors. 

Additional experimental equipment: Included a fixation target to ensure consistent eye positioning, 

a 7-inch foldable fan (Mainstays, Walmart, Bentonville, Arkansas, USA) used to assist in resetting 
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RH inside the goggles between trials, a digital temperature and RH sensor for monitoring room 

conditions (RH411, Omega Engineering, Norwalk, Connecticut, USA), and an adjustable-height 

table to optimize participant comfort. 

3.1.2.2 Software and Data Logging 

The Goggle software was specifically developed for the Waterloo Evaporimeter, providing real-

time monitoring and precise recording of temperature and RH changes within the goggles. Figure 

3-3 illustrates the softwareôs data acquisition interface, showcasing dual-eye tracking, numerical 

output, and real-time graphical trends that facilitate precise analysis of tear evaporation dynamics. 

It simultaneously captures sensor measurements from both eyes every 0.25 seconds, offering high 

temporal resolution for detailed analysis of tear evaporation dynamics. 

The software interface featured graphical representations illustrating RH trends over time. Distinct 

red and black lines represent RH changes for the right and left eyes, respectively. Accompanying 

these graphs, numerical data provides precise temperature and RH measurements, enabling 

immediate detection of anomalies or patterns. 

While measurement frequency was adjustable, a sampling frequency of 4 Hertz (every 0.25 

seconds) was chosen for this study. This selection provided an optimal balance between data 

resolution and file manageability, effectively capturing rapid and subtle changes without excessive 

data generation. 

Data were digitally stored in .doc files, and graphical outputs of RH and temperature trends are 

saved as .png images. This structured approach ensured data integrity, facilitates detailed 

retrospective analyses, and supports comparative studies and longitudinal monitoring of ocular 

surface evaporation. 
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Figure 3-3: Data acquisition interface of the Goggle software for the Waterloo Evaporimeter, 

displaying real-time monitoring of RH and temperature changes for each goggle (right and left 

eyes). The software graphs RH trends over time while providing numerical data for precise 

analysis of tear evaporation dynamics (Image created by the author). 

 

3.1.3 Experimental Procedure and Measurement Protocol 

Participants were instructed to arrive at the clinic having been awake for at least two hours and 

were required to acclimatize to the experimental room for 15 minutes before testing. This allowed 

the tear film to stabilize to the room environment from any outside environmental effects (e.g. 

exposure to wind, temperature variations, or RH fluctuations). It aided in preventing artificial 

variations in TER due to environmental changes. Participants were required to remove any eye 

make-up and to avoid wearing contact lenses for at least 12 hours before testing to prevent 

interference with measurements. 
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Petroleum jelly (VaselineÈ, Unilever, Toronto, Ontario, Canada) was applied around the eye to 

create an effective barrier for evaporation from the skin and to maintain a sealed environment 

within the goggles. Petroleum jelly was transferred from its original container into a paper cup 

using a cotton-tipped applicator at each test visit. Participants received a new cotton-tipped 

applicator and a mirror to apply a thin, uniform layer of petroleum jelly around the eye, carefully 

avoiding the eyelid margins. Petroleum jelly was applied prior to the first set of baseline 

measurements. After completing the measurements, participants removed the petroleum jelly by 

closing their eyes and gently wiping the area with a tissue in a nasal-to-temporal direction, again 

taking care to avoid the lid margins to prevent contamination. 

Environmental conditions were carefully controlled by conducting the tests in a room without 

windows or airflow to eliminate external fluctuations in RH. Additionally, ambient temperature 

and RH were recorded prior to each measurement. 

3.1.3.1 Open-Eye Measurement 

Metronome-Controlled Blinking: A metronome was used to standardize blink intervals, producing 

auditory cues every 3 seconds (20 times per minute). Participants were instructed to blink 

whenever they heard the metronome sound, ensuring a consistent and controlled blinking pattern 

throughout the measurement process. During the measurement, participants were required to 

maintain fixation on a designated cross target to minimize eye movement and maintain uniform 

gaze conditions. Figure 3-4 presents the complete experimental setup, including the fixation cross, 

Waterloo Evaporimeter goggles, environmental monitor, data acquisition system, and the fan used 

to restore baseline humidity between trials. 
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Figure 3-4: Experimental set-up for the Waterloo Evaporimeter, showing the fixation cross for 

gaze stabilization, digital temperature and RH monitor, evaporimeter goggles, data acquisition 

laptop running the Goggle software, and fan used for baseline RH restoration within the goggle 

between measurements (Image created by the author). 

 

Starting the Measurement: Prior to initiating each measurement, the investigator recorded the 

ambient room temperature and RH using a digital thermo-hygrometer. Participants were then 

instructed to place the modified swimming goggles over their eyes, and to press them against the 

skin around the eyes to form a secure, tight seal against their face. They were asked to fixate 
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steadily on a designated cross-target to maintain a stable gaze. At this point, the investigator 

activated the Goggle software by clicking on the "On" icon, which changed the data collection 

mode from black to red, indicating the start of recording. Throughout the 20-second measurement 

interval, participants were specifically instructed to keep their eyes open, to remain as still as 

possible, and to blink in time with the auditory cues provided by the metronome set at 20 blinks 

per minute. Figure 3-5 illustrates a participant positioning the Waterloo Evaporimeter goggles 

during measurement, demonstrating the proper set-up used for assessing TER. 

 

Figure 3-5: A study participant positioning the Waterloo Evaporimeter goggles for tear 

evaporation rate measurement (Image created by the author). 

 

Ending the Measurement: At the end of the 20-second measurement period, participants were 

instructed to carefully remove the goggles. Immediately following this, the investigator clicked 

the "Off" icon on the software control screen, switching the data collection display from red to 
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black, clearly indicating the conclusion of the recording session. To prevent any residual moisture 

build-up within the goggles and to ensure accurate conditions for subsequent measurements, the 

evaporimeter was exposed to controlled airflow from a fan until sensor recorded RH levels 

returned to the pre-measurement baseline. 

3.1.3.2 Closed-Eye Measurement 

The closed-eye measurement followed the same procedure as the open-eye measurement, with 

participants instructed to gently, but firmly, close their eyes throughout the 20-second recording 

period. Participants maintained a comfortable and steady position while keeping the goggles 

securely sealed against their face. Immediately after data collection, the evaporimeter goggles were 

removed, and controlled airflow from a fan was used to reset the internal RH to baseline levels in 

preparation for subsequent recordings. 

Following the final measurement for each participant, the investigator clicked on the "Save Data" 

icon on the software control screen to store the recorded session data as a .doc file. Additionally, 

"Save Chart" was clicked to save a graphical image (.png) of the temperature and RH trends 

captured during the measurement session. Finally, the investigator clicked on the "Reset" icon to 

clear the software interface, preparing the software for the next participant. 

3.1.4 Data Analysis 

The TER calculation was performed using statistical analysis software after exporting the recorded 

data from the Goggle operating software. Although the software captured real-time changes in RH 

and temperature inside the goggles, it did not directly calculate TER. 

The TER calculation process involved exporting the numerical RH data, recorded every 0.25 

seconds, into a statistical analysis program (such as SPSS or Excel). Within this program, the RH 

values were plotted against time to generate a RH-time graph for each measurement session. Only 
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the RH data within the 5 to 20 second interval were used, as this portion consistently represented 

the most stable and linear phase of RH increase.217 Linear regression analysis was then applied to 

the data obtained, and the slope coefficient of the best-fit linear regression line was extracted. This 

slope coefficient directly represented the rate of change of RH, serving as the quantitative measure 

for TER. 

Absolute slope values were used rather than percentage changes to accurately represent the actual 

rate of RH increase within the goggles, thus providing a clear, precise quantification of the 

evaporation rate.  

3.2 ThermOcular Camera 

3.2.1 Purpose and Background 

OST is a vital biomarker for evaluating tear film stability, inflammation, and ocular health. IRT 

allows accurate, non-contact, real-time OST measurements, significantly improving diagnostic 

precision. 

The ThermOcular imaging system is a dual-camera IRT device designed to measure OST non-

invasively with high precision. It integrates an IR camera and a visible-light camera, both mounted 

on a slit-lamp biomicroscope.214 This configuration enables synchronized real-time IR imaging, 

ensuring accurate localization and temperature mapping of the ocular surface. 

The system employs automated segmentation algorithms to isolate the cornea, minimizing artifacts 

and improving measurement accuracy.201 These algorithms first detect the corneal boundary using 

high-resolution visible-light images, which are then mapped onto the thermal frames to define the 

temperature measurement region. This process ensures that only corneal temperature is captured, 

avoiding interference from surrounding tissues. By providing detailed temperature profiles across 
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the ocular surface, ThermOcular allows for the assessment of tear film dynamics, blink-related 

cooling, and regional temperature variations. This is particularly useful for identifying localized 

tear film instability, as earlier studies have shown that areas of fluorescein tear film breakup 

correspond closely to regions of lower ocular surface temperature, indicating higher local 

evaporation rates.194 In the current study, these cooler regions were specifically examined using 

infrared thermography to assess their spatial and temporal behavior following a blink. This 

approach is consistent with findings from other researchers who also demonstrated a strong spatial 

correlation between tear breakup areas and ocular surface cooling, confirming that localized 

evaporative loss can be mapped thermographically and is central to understanding EDE 

mechanisms.27,30 

Compared to traditional methods, ThermOcular offers a non-contact, repeatable, and highly 

sensitive approach to OST measurement, making it an essential tool for both clinical diagnostics 

and research applications.214 

3.2.2 Equipment and Experimental Setup 

3.2.2.1 ThermOcular System Components 

The experimental set-up included a Teledyne FLIR A655sc IR camera (Teledyne FLIR LLC, 

Wilsonville, OR, USA) featuring a 640Ĭ480 pixel resolution, a spectral range of 7.5ï14 ɛm, and 

thermal sensitivity of less than 0.05ÁC. A full-frame size was utilized at a frame rate of 25 Hertz 

to achieve optimal temporal resolution. The camera was equipped with a polished germanium 

close-up lens, which has a high refractive index (n å 4.0 for wavelengths between 2-14 ɛm) and is 

transparent to IR, facilitating detailed and precise thermal imaging of the eye and surrounding 

tissues. Figure 3-6 displays the IR camera system with its mounted germanium lens (A) and the 
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standalone close-up lens with protective casing (B), both components critical for high-precision 

thermographic capture. 

 

Figure 3-6: (A) Teledyne FLIR IR A655sc IR camera equipped with a germanium close-up lens 

for enhanced ocular imaging; (B) Standalone germanium close-up lens with protective casing, 

designed for high-precision IRT. Image source: Teledyne FLIR (www.flir.com). 

 

The visible imaging component of the experimental setup included a FLIR BFS 51S5C-C camera 

(Teledyne FLIR LLC, Wilsonville, OR, USA) designed to capture synchronized visible light 

images for anatomical reference. This camera featured a CMOS Sony IMX250 sensor (SONY 

Group Corp, Tokyo, Japan) with a pixel size of 3.45 Õm, resolution of 2464Ĭ2056 pixels (5 MP), 

and a frame rate of 75 frames per second. Additionally, the camera offered a dynamic range of 71 

decibels, a saturation capacity of 10330 for excellent low-light performance, and full-range Red, 

Green, Blue color output. The camera was equipped with a Fujinon HF12.5SA-1 close-up lens 

(Fujifilm Corp, Tokyo, Japan) featuring a focal length of 12.5 mm, providing a field of view of 

12Ĭ9 cm at a working distance of 17 cm. Manual focus control allowed precise adjustments for 
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sharp and clear macro imaging. Figure 3-7 presents the imaging system, showing the FLIR BFS 

51S5C-C camera with its CMOS sensor (A) and the attached Fujinon lens (B), which enables high-

resolution, close-range anatomical visualization. 

 

Figure 3-7: (A) Teledyne FLIR BFS 51S5C-C machine vision camera, designed for high-speed, 

high-resolution imaging with a Sony IMX250 CMOS sensor; (B) Fujinon HF12.5SA-1 close-up 

lens, optimized for macro imaging and precise focus control, enhancing image clarity and field 

of view. Image source: Teledyne FLIR (www.flir.com). 

 

The mounting system consisted of a slit-lamp biomicroscope integrated with an adjustable 

positioning arm, accompanied by a head-rest and chin-rest to ensure stable and precise positioning 

of the participant's head during measurements. The video output from both cameras was controlled 

using a PC computer running specialized software that managed data acquisition, image 

processing, and synchronization between the IR and visible cameras. Additionally, the software 

employed OCRNet segmentation algorithms to accurately isolate and analyze the corneal ROI for 

temperature measurements. Co-registration between the visible and thermal images was achieved 
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by capturing synchronized frames from both cameras and applying a spatial mapping algorithm 

that aligned the segmented corneal region from the visible image onto the corresponding thermal 

frame. This ensured that temperature extraction was performed precisely within the anatomically 

defined corneal area. Figure 3-8 illustrates the complete ThermOcular system mounted on the slit-

lamp biomicroscope, showing the integration of the FLIR BFS 51S5C-C visible camera and the 

FLIR A655sc IR camera for synchronized, high-resolution OST measurements. 

 

Figure 3-8: Custom-modified slit-lamp biomicroscope equipped with the ThermOcular dual-

camera system, integrating a Teledyne FLIR BFS 51S5C-C visible camera and a Teledyne FLIR 

A655sc IR camera for synchronized imaging. The set-up ensures precise alignment, stable 

fixation, and high-resolution OST measurement214.(Image from: Bidaki EZ, Wong A, Murphy PJ. 

A novel system for ocular surface temperature measurement and tracking. IEEE Access. 

2023;11:140893-140899. doi:10.1109/ACCESS.2023.3341354) 
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3.2.2.2 Software and Data Logging 

The ThermOcular software synchronized the IR and visible camera feeds, enabling precise 

simultaneous data collection. It processed real-time imagery, applying advanced machine learning-

based segmentation to accurately isolate ocular structures, particularly the cornea. Data were 

continuously recorded over a predefined measurement interval and subsequently saved for detailed 

analysis. 

3.2.3 Experimental Procedure and Measurement Protocol 

Participants were instructed to arrive at the clinic having been awake for at least two hours and 

were required to acclimate to the experimental room for 15 minutes before testing. This 

acclimatization period allowed the tear film to stabilize, reducing potential artificial variations in 

OST due to sudden environmental changes. Environmental conditions were carefully controlled in 

a room without windows or airflow to eliminate external RH fluctuations. Prior to each 

measurement, ambient temperature and RH were recorded. 

Participants were required to remove any eye make-up and refrain from wearing contact lenses for 

at least 12 hours prior to testing, to prevent interference with temperature measurements. 

Additionally, participants were instructed to blink naturally for 1-2 minutes before starting 

measurements, further ensuring tear film stabilization and reducing the risk of provoking tear film 

break-up. 

Participants were seated comfortably with their heads stabilized using a chin-rest and head-rest. 

The investigator carefully aligned the IR and visible cameras to ensure proper framing of the 

participant's eye. Participants were instructed to fixate on a designated target positioned beyond 

the instrument to maintain stable gaze conditions. 
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Depending on the specific study protocol, blinking patterns were controlled differently. 

Participants were either allowed to blink normally or were instructed to refrain from blinking, 

holding their eyes open as long as possible during data collection. Once the participant was ready, 

the investigator initiated synchronized IR and visible imaging by clicking on the "Record" icon on 

the custom ThermOcular software (Dr. Ehsan Zare Bidaki, University of Waterloo). The video 

recordings lasted up to 15 seconds, based on individual study requirements. 

At the end of the measurement period, the investigator clicked on the "Stop Recording" icon in the 

software to conclude the data collection. Immediately following this, the recorded IR and visible 

image data were automatically saved to the system database. After completing the final 

measurement, the investigator ensured that all data files were accurately labeled and securely 

backed up for subsequent detailed analysis. Figure 3-9 presents a representative output from the 

ThermOcular system, showing synchronized visible-light (left) and IR (right) images of an eye. 

The visible image provides high-resolution anatomical detail, while the IR image illustrates OST 

distribution, emphasizing regional variations across the eyelid and corneal surface. 
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Figure 3-9: Synchronized imaging output from the ThermOcular system, displaying visible-light 

(left) and IR (right) eye images. The visible camera captures high-resolution anatomical details, 

while the IR camera recorded OST distribution, highlighting temperature variations across the 

eyelid and corneal region214 (Image from: Bidaki EZ, Wong A, Murphy PJ. A novel system for 

ocular surface temperature measurement and tracking. IEEE Access. 2023;11:140893-140899. 

doi:10.1109/ACCESS.2023.3341354) 

 

3.2.4 Data Analysis 

3.2.4.1 OST Calculation 

OST values were extracted from the IR images using ResearchIR software (FLIR Systems, 

Wilsonville, OR, USA). Temperature data was processed to calculate mean OST, temperature 

gradients across the corneal surface, and post-blink temperature recovery rates. Temporal and 

spatial analyses were applied to assess dynamic changes in OST. The software applied frame 

selection criteria to exclude blurred or misaligned images and employed median filtering to smooth 

temperature fluctuations. 

3.2.4.2 ROI Selection 

The ROI selection varied by study, but the selection of the chosen ROI was standardized for each 

study using a clear overlay template. To ensure consistent and standardized ROI placement across 
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all participants, a clear overlay template was used to align the corneal center at a uniform location 

by referencing the canthus of the eye. Although anatomical landmarks were visible, the overlay 

ensured that the distances between the central and peripheral ROIs remained consistent across 

participants, improving spatial standardization (Figure 4-19). This method ensures that 

measurements across different individuals remain comparable by maintaining consistent distance 

measurements between the corneal center and peripheral ROIs, reducing variability and improving 

reproducibility in data collection. The ROI was manually adjusted using visible anatomical 

landmarks to ensure precision in temperature mapping. Automated segmentation algorithms, such 

as OCRNet, further refined the corneal boundaries to minimize artifacts and enhance measurement 

accuracy. 

3.3 ResearchIRÈ Software 

3.3.1 Purpose and Background 

IRT has evolved substantially from early static image methods, which required manual analysis 

and were prone to observer bias. Modern software-driven approaches, such as ResearchIR (FLIR 

Systems), now enable automated, real-time temperature tracking, precise ROI selection, and 

sophisticated statistical analysis. These advancements significantly enhance the accuracy, 

reproducibility, and practical utility of OST measurements, making ResearchIR a valuable tool in 

clinical diagnostics and research, particularly for investigating tear film dynamics, blink-induced 

cooling, and ocular surface inflammation. 
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3.3.2 Equipment and Experimental Setup 

3.3.2.1 ResearchIR Software Capabilities 

ResearchIR software (FLIR Systems, Wilsonville, OR, USA) is an advanced IR imaging analysis 

platform designed for real-time temperature extraction and processing, specifically compatible 

with FLIR thermal cameras, such as the FLIR A655sc used in these studies. It supports real-time 

IR video streaming, frame-by-frame playback, and precise temperature data extraction. 

The software allows flexible ROI selection, offering adjustable ROI sizes and resolutions for 

detailed temperature mapping, with options for both manual and automated adjustments. Statistical 

data extraction features include the ability to calculate, and report mean, maximum, and minimum 

temperature values within selected regions, with results exportable in .csv format for further 

statistical analysis. 

ResearchIR supports high-speed frame rates for real-time IR video analysis and includes advanced 

image processing features, such as thermal contrast adjustment for enhanced visibility of 

temperature variations, noise filtering and smoothing algorithms to improve measurement 

accuracy, and histogram generation to facilitate detailed analysis of OST distributions. 

Additionally, the software supports comprehensive data export and integration functionalities, 

including raw thermal data exports compatible with MATLAB, Python, and Excel. It also allows 

for the overlay of IR and visible images, significantly improving spatial alignment and facilitating 

more precise interpretation and analysis of IR imaging data. Figure 3-10 demonstrates OST 

mapping of the same patient using ResearchIR software, with the upper image presented in 

grayscale and the lower image utilizing a colour palette to enhance thermal contrast. 
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Figure 3-10: IR imaging analysis using ResearchIR software (Teledyne FLIR LLC, Wilsonville, 

OR, USA), displaying OST mapping of the same patient. The upper image uses a grayscale 

palette, while the lower image applies a colour palette to enhance temperature contrast (Image 

created by the author). 
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3.3.2.2 Experimental Procedure and Measurement Protocol 

The FLIR A655sc IR camera was connected to the ResearchIR software using a high-speed data 

link. Prior to measurement, the camera was calibrated, with parameters including frame rate, focus, 

and thermal range adjusted to ensure optimal imaging performance. 

Participants were comfortably positioned using a chin-rest and head-rest to maintain head stability 

during measurements. Participants were instructed to fixate on a pre-defined target to maintain 

consistent and stable eye positioning throughout the recording. 

The investigator initiated IR data capture within the ResearchIR software interface by selecting 

the ñRecordò button located on the top toolbar (as shown in the software interface screenshot ï 

Figure 3-11). A real-time IR video stream was recorded, typically for a duration of up to 15 

seconds, depending on the specific study protocol.  
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Figure 3-11: ResearchIR software (Teledyne FLIR LLC, Wilsonville, OR, USA) interface during 

ocular surface temperature recording. The ñRecordò button (top toolbar, red circle) is used to 

initiate thermal video capture. The real-time video stream is displayed in the main window, with 

tools for region-of-interest (ROI) selection, temperature monitoring, and data export options 

visible on the right panel (Image created by the author). 

 

Upon completion of each recording session, the investigator clicked the ñStopò button to end data 

acquisition. The IR data was automatically saved in ResearchIRôs proprietary format. For 

subsequent analysis, temperature profiles were exported as .csv files using the ñExport CSVò 

function in the softwareôs data output panel. All recorded data files were systematically stored and 

backed up for further analysis and reporting. 
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3.3.3 Data Analysis 

3.3.3.1 OST Calculation 

The ResearchIR software extracted temperature values from the selected ROI. OST was calculated 

as the mean temperature over time, and temperature gradients across the cornea are analyzed. Post-

blink cooling rates and tear evaporation effects were evaluated using time-series analysis. 

3.3.3.2 ROI Selection 

The ocular regions were manually selected using ResearchIRôs ROI tool. To ensure consistent and 

standardized ROI placement across all participants, a clear overlay template was used to align the 

corneal center at a uniform location by referencing the canthus of the eye. This method ensures 

that measurements across different individuals remain comparable by maintaining consistent 

distance measurements between the corneal center and peripheral ROIs, reducing variability and 

improving reproducibility in data collection. The software provided temperature values specific to 

the selected corneal area. The ROI size and resolution can be adjusted by selecting different pixel 

densities and regions to refine temperature mapping accuracy based on study requirements. 

Averaging of measurements across a larger ROI (e.g., elliptical region) reduces the impact of 

individual pixel noise, leading to more stable temperature readings, whereas single-pixel ROIs 

provide higher spatial specificity, but may be more affected by sensor noise. Figure 3-12 illustrates 

three ROI selection methods within the ResearchIR software: a single pixel (Cursor 1), a 3Ĭ3 pixel 

average (Cursor 2), and a custom elliptical region (Ellipse 1), each linked to a real-time temporal 

temperature plot for dynamic analysis. 
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Figure 3-12: ROI selection in ResearchIR software (Teledyne FLIR LLC, Wilsonville, OR, USA), 

demonstrating three different methods for extracting temperature data: Cursor 1 (single pixel 

location), Cursor 2 (3Ĭ3 pixel average), and Ellipse 1 (custom region averaging multiple pixels). 

The software generates temporal temperature plots for each ROI, illustrating how temperature 

changes over time at each location (Image created by the author). 

 

3.4 LipiViewIIÈ Ocular Surface Interferometer 

3.4.1 Purpose and Background 

The lipid layer of the tear film, primarily produced by the meibomian glands, is essential for 

reducing tear evaporation, maintaining ocular surface stability, and supporting clear vision. 

Dysfunction or absence of this layer can significantly increase tear evaporation, leading to dry eye 

symptoms and discomfort. Accurate measurement of LLT is thus critical in diagnosing EDE 

associated with MGD. 
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The LipiViewII Ocular Surface Interferometer (Johnson & Johnson Vision Care, Inc., Jacksonville, 

Florida, USA) employs advanced interferometric imaging techniques to objectively quantify LLT 

with nanometer-level precision. Utilizing white-light interferometry, LipiViewII captures 

interference patterns from the tear film, providing accurate and reproducible LLT measurements. 

Additionally, the system incorporates near-infrared radiation imaging to visualize meibomian 

gland morphology, enabling comprehensive assessments of gland structure and lipid secretion 

quality. 

By combining precise LLT measurement, meibomian gland imaging, and detailed blink analysis 

(including partial and complete blinks), LipiViewII facilitates thorough evaluation and 

differentiation of EDE conditions. Its high reproducibility and accuracy have been validated 

through comparative studies with other ocular surface analyzers, underscoring its effectiveness in 

both clinical practice and research settings. 

3.4.2 Equipment and Experimental Setup  

3.4.2.1 LipiViewII System Components 

The LipiViewII Ocular Surface Interferometer system includes a visible light camera, which 

captures high-resolution white-light interferometry images from the eye surface which are then 

used to measure LLT with nanometer-level precision. Additionally, a near-infrared radiation 

camera provides detailed images of the meibomian glands, facilitating structural analysis for gland 

dropout and dysfunction. The system is equipped with an adjustable fore-head and chin-rest to 

ensure accurate positioning of the participant and to maintain consistent imaging conditions. An 

integrated illumination system, comprising a controlled white-light source for interferometric 

imaging and a near-infrared radiation source for meibomian gland visualization, supports optimal 
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image acquisition. A touchscreen display and control system provide a user-friendly, real-time 

interface for capturing images, analyzing data, and managing data storage. 

Ambient lighting in the examination area was dimmed and carefully controlled to prevent 

interference with the white-light interferometry imaging process, and to support accurate lipid 

layer measurements and reliable imaging of the meibomian glands. Figure 3-13 displays the 

LipiViewII system and monitor at initialization, while Figure 3-14 presents a side view, 

highlighting the key components responsible for accurate alignment and stable image acquisition. 

 

Figure 3-13: The LipiViewII Ocular Surface Interferometer (Johnson & Johnson Vision Care, 

Inc., Jacksonville, Florida, USA) showing the system initialization screen, and participants chin-

rest/head-rest (Image created by the author). 
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Figure 3-14: A side view of the LipiViewII Ocular Surface Interferometer (Johnson & Johnson 

Vision Care, Inc., Jacksonville, Florida, USA), showing the camera system, chin-rest, and head-

rest support (Image created by the author). 

 

3.4.2.2 Experimental Procedure and Measurement Protocol 

Participants were instructed to arrive at the clinic having been awake for at least two hours. Upon 

arrival, participants were required to acclimate briefly to the controlled testing environment, a 

room without windows or airflow, to eliminate external fluctuations in RH. Prior to each 

measurement, ambient temperature and RH were recorded. 
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Participants were advised to remove any eye make-up and refrain from using artificial tears, eye 

drops, or skincare products near the eyes for at least 12 hours before testing. This prevented 

potential artifacts in imaging and promoted accurate lipid layer thickness measurements. 

During the measurement session, participants were comfortably positioned at the LipiViewII 

device, aligning their forehead and chin securely against the rests provided to maintain stability. 

Participants fixated on a designated target to ensure a stable gaze throughout the imaging process. 

Each session involved a standardized 30-second video recording, during which LLT, blink rate, 

and blink patterns were analyzed automatically by the LipiViewII software. The software 

computed average, minimum, and maximum LLT values and identified partial and complete 

blinks. All recorded data were securely stored for subsequent statistical analysis, ensuring 

consistency and reproducibility across all measurements. 

3.4.3 Data Analysis 

The LipiViewII software automatically processes recorded data, providing quantitative LLT 

values, blink dynamics, and meibomian gland imaging results. Blink rate analysis, including 

partial and complete blinks, which are automatically detected and quantified to evaluate tear film 

stability. Figure 3-15 displays the LipiViewII interface during an LLT assessment, featuring a real-

time interferometric image, LLT values in nanometers, and graphical tracking of blink behavior 

and tear film stability metrics. 
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Figure 3-15: The LipiViewII Ocular Surface Interferometer (Johnson & Johnson Vision Care, 

Inc., Jacksonville, Florida, USA) displaying LLT measurement results. The screen shows a real-

time interferometric image of the ocular surface, LLT values in nanometers, and a graphical 

representation of blink patterns and tear film stability analysis (Image created by the author). 

 

3.5 OCULUS Keratograph 5MÈ 

3.5.1 Purpose and Background 

NITBUT is an objective measure of tear film stability, assessing the duration between a complete 

blink and the initial disruption of the tear film without using fluorescein dye. A stable tear film is 

essential for clear vision, ocular comfort, and preventing surface damage, particularly in conditions 
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like DED and MGD. The OCULUS Keratograph 5M (Oculus GmbH, Wetzlar, Germany) is a non-

contact, high-resolution imaging system, that combines corneal topography with advanced tear 

film analysis. It employs Placido ring illumination and near-infrared radiation imaging to 

accurately assess tear film stability, lipid layer quality, and meibomian gland structure in a non-

invasive, repeatable manner. Integrating NITBUT measurements from the Keratograph 5M with 

OST analyses and evaporimetry provides deeper insights into tear film dynamics, evaporation 

rates, and overall ocular surface health. 

3.5.2 Equipment and Experimental Setup 

3.5.2.1 OCULUS Keratograph5M System Components 

The OCULUS Keratograph 5M system incorporates several advanced imaging modalities for 

comprehensive ocular surface assessment. NITBUT is measured using Placido ring projection, 

where the system detects distortions in the reflected rings as indicators of localized tear film 

destabilization. Infrared meibography employs near-infrared radiation to visualize meibomian 

gland dropout and atrophy, which are key indicators of MGD and evaporative DED. Additionally, 

the system offers ocular surface redness analysis, assessing conjunctival hyperaemia through 

detailed evaluation of vessel density and distribution. Tear meniscus height measurement 

capabilities deliver quantitative evaluations of aqueous tear production, further enhancing the 

assessment of tear film dynamics. 

The experimental set-up followed specific lighting conditions recommended by the manufacturer 

to optimize image acquisition. The room lighting was dimly controlled to eliminate external 

reflections that could interfere with Placido ring imaging accuracy. Near-infrared radiation diodes 

within the device were used exclusively for NITBUT and meibography assessments, minimizing 

reflex tearing triggered by bright light exposure, thus ensuring accurate and consistent 
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measurement conditions. Figure 3-16 shows the OCULUS Keratograph 5M system configured for 

non-invasive tear film analysis, including its imaging modules and computer integration for real-

time data capture and interpretation. 

 

Figure 3-16: OCULUS Keratograph 5M (Oculus GmbH, Wetzlar, Germany) system set up for 

non-invasive tear film analysis, including Placido ring topography, meibography, and NITBUT 

assessment. The system is integrated with a computer for real-time imaging and data analysis 

(Image created by the author). 

 

3.5.2.2 Experimental Procedure and Measurement Protocol 

Participants were instructed to arrive at the clinic having been awake for at least two hours. They 

were advised to avoid using eye drops, make-up, or contact lenses for at least 12 hours prior to 
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testing, consistent with the preparation guidelines for the ThermOcular, LipiViewII, and Waterloo 

Evaporimeter assessments. Upon arrival, participants acclimatised briefly to a controlled testing 

environment without windows or airflow to prevent external fluctuations in RH. Ambient 

temperature and RH were recorded before each measurement. 

Prior to measurements, participants were instructed to blink naturally several times to ensure a 

uniform distribution of the tear film across the ocular surface. Participants were then seated 

comfortably, with their heads stabilized by the integrated chin and forehead rests. The participantôs 

eye was aligned centrally within the Keratograph 5Môs optical path to facilitate precise Placido 

ring projection for tear film analysis. 

The Keratograph 5M automatically recorded NITBUT by detecting distortions in the Placido ring 

reflections on the tear film. Two primary parameters were measured: NITBUT-first, indicating the 

time to the first observable tear break-up on the cornea, and NITBUT-average, representing the 

mean tear film stability across multiple corneal locations. Each eye underwent three consecutive 

NITBUT measurements to ensure repeatability and accuracy. The system software generated 

detailed topographical tear film maps to illustrating the locations and severity of tear break-up. 

3.5.3 Data Analysis 

NITBUT values (First and Average) were automatically extracted by the system. Statistical 

analyses were conducted to compare NITBUT measurements with tear evaporation rates and OST 

variations, providing a comprehensive evaluation of tear film stability. 
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Chapter 4 Experiments 

4.1 In vitro examination of distilled water versus TheraTearsÈ 

4.1.1 Overview 

Evaporation is a fundamental physical process in which molecules at the surface of a liquid 

possess, or gain, sufficient energy to transition into a gaseous state and move from the liquid into 

the atmosphere directly above the liquid surface. The evaporation rate (ER) of a liquid is influenced 

by various factors, including chemical composition, molecular weight, intermolecular forces, and 

environmental conditions, such as RH and temperature.44,218 

Water, being a simple polar molecule with low molecular weight, exhibits a relatively high ER due 

to the water molecule having weak intermolecular forces compared to more complex, polymer-

based solutions.219 

By contrast, the natural tear film is a highly specialized, multilayered fluid that has evolved to 

resist evaporation. It consists of a superficial lipid layer that reduces aqueous loss, an aqueous-

mucin layer that binds water to the ocular surface, and underlying glycocalyx structures that 

support stability. Together, these components act synergistically to limit tear film thinning and 

evaporation between blinks, thereby maintaining optical clarity and ocular surface health.34,37,77 

Artificial tears, designed to mimic natural tears, such as artificial tear formulations often contain 

viscosity-enhancing agents, like carboxymethylcellulose, glycerin, hyaluronic acid or 

hydroxypropyl methylcellulose, which reduce the ER and prolong the ocular surface retention time 

for the artificial tears.220,221 

A comparative assessment of the ER of an artificial tear against that of distilled water will not only 

provides insight into the evaporation-limiting capacity of the formulation but will also serve to 
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evaluate the sensitivity and performance of the Waterloo Evaporimeter in detecting subtle 

differences in evaporation under standardized conditions. As part of this experiment, the ER of 

distilled water and TheraTearsÈ (Akorn Consumer Health, Ann Arbor, MI, USA) were measured 

using the Waterloo Evaporimeter. TheraTearsÈ was chosen due the hypothesis that its higher 

viscosity, electrolyte balance, and mucoadhesive properties, will cause TheraTearsÈ to evaporate 

at a significantly lower rate than distilled water, as it is formulated to mimic the function of natural 

tears and reduce tear film instability.12,222 

The primary objective of this experiment was to quantify the differences in ERs between distilled 

water and a hypo-osmolar, electrolyte-enhanced artificial tear formulation- containing a viscous 

polymer (e.g., carboxymethylcellulose) and balanced electrolytes- to assess how such a solution 

might reduce tear evaporation, a key mechanism underlying EDE.215,223 A secondary objective was 

to validate the performance and sensitivity of the Waterloo Evaporimeter in detecting subtle 

changes in evaporation dynamics under controlled experimental conditions. 

4.1.2 Materials and Methods 

4.1.2.1 Experimental Design and Model Eye Selection 

An in vitro experiment was conducted to assess the ERs of distilled water and TheraTearsÈ, using 

a custom-designed model eye (Manufactured by Mr. Daniel Knappert, London, UK) to simulate 

the exposed ocular surface. The model eye featured an elliptical aperture with an exposed surface 

area of 1.75 cmĮ (Figure 4-1). A calibrated volume of 1.2 mL of test solution was pipetted into the 

model eye chamber during each trial, corresponding to the total internal volume of the model eye. 



 83 

 

Figure 4-1: The selected aluminum model eye with an exposed surface area of 1.75 cmĮ, 

designed to simulate the human ocular surface for evaporation measurements. The elliptical 

aperture represents the exposed tear film (Image created by the author).  

 

The central anterior cornea has a surface area of approximately 1.2ï1.5 cmĮ, as reported by Kwok 

using geometric modeling of the human cornea.224 However, during open-eye conditions, 

particularly between blinks, the total exposed ocular surface includes additional regions beyond 

the central cornea, such as the adjacent bulbar conjunctiva. The 1.75 cmĮ model was therefore 

selected to better approximate this full exposed area, offering a closer match to physiological 

conditions during evaporative tear loss. 

The model eye was fabricated from aluminum and featured an elliptical aperture with a capacity 

of 1.2 mL to hold the test liquid. Distilled water and TheraTearsÈ were chosen as the two test 

solutions, representing pure aqueous evaporation versus an ophthalmic lubricant designed to 

mimic the tear film. 

4.1.2.2 Experimental Setup  

To replicate OST, the model eye, distilled water, and TheraTearsÈ were pre-conditioned overnight 

in an oven (Fisher Scientific, Waltham, Massachusetts, USA) at 34ÁC, which is consistent with 

normal OST immediately after a blink225 (Figure 4-2). As shown in Figure 4-3, the experiment was 
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conducted in a controlled environment chamber (Model 5503-11 Package E, Electro-Tech Systems 

Inc., Glenside, Pennsylvania, USA), set to 34ÁC and 40% RH. 
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Figure 4-2: Laboratory oven (Fisher Scientific) used to precondition the model eye and test 

solutions (distilled water and TheraTearsÈ) to 34ÁC, simulating physiological OST before 

evaporation measurements (Image created by the author). 

 

 

Figure 4-3: Controlled environment chamber (Model 5503-11 Package E, Electro-Tech Systems 

Inc.) used to maintain stable temperature (34ÁC) and RH (40%) during evaporation 

measurements. The chamber is equipped with the Waterloo Evaporimeter, a heating plate, and a 

digital monitoring system to ensure precise experimental conditions (Image created by the 

author). 
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Following the establishment of a physiologically controlled environment, appropriate selection of 

test solutions was undertaken to simulate relevant tear film conditions. To fulfill this objective, 

TheraTearsÈ was chosen. 

TheraTearsÈ is a preservative-free, electrolyte-balanced artificial tear solution formulated to 

rehydrate the ocular surface, support pH balance, and reduce tear film osmolarity over time. The 

active ingredient, sodium carboxymethylcellulose 0.25% w/w, acts as a lubricant that enhances 

tear film stability and reduces evaporation.226ï228 Additionally, the solutionôs borate buffer system 

plays a role in enhancing retention of the solution on the ocular surface.221,229 The full 

specifications of TheraTearsÈ are presented in Table 4-1. 

Table 4-1: Specifications of TheraTearsÈ lubricant eye drops 

Product Name TheraTearsÈ 

Manufacturer Akorn, USA 

Type Aqueous solution 

Key Active Ingredient Sodium Carboxymethylcellulose (0.25%) ï Lubricant 

Inactive Ingredients 

Boric Acid, Calcium Chloride, Magnesium Chloride, Potassium Chloride, 

Sodium Bicarbonate, Sodium Chloride 

Lipid Components None (primarily aqueous based) 

Preservative Preservative-free 

pH 7.4 

Osmolarity 250-270 mOsm/kg 

Intended Use Aqueous Deficient Dry Eye 

Mechanism of Action Replenishes lost moisture, mimics natural tears 

Clinical Efficacy Studies show improvement in dry eye symptoms and tear stability 
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4.1.2.3 Experiment Procedure 

Filling the Model Eye: While inside the oven, a large sample of distilled water and TheraTearsÈ 

were transferred into small plastic cups to facilitate easier and faster sampling. From these cups, 

1.2 mL of pre-warmed liquid was withdrawn using an Eppendorf Reference 100ï1000 ɛL 

micropipette (Eppendorf, Hamburg, Germany) and transferred into the model eye chamber. 

Evaporation Measurement: The model eye (Figure 4-4) was quickly transferred from the oven to 

the environmental chamber and placed on a 34ÁC heating plate (Digital Heatblock, VWR, Radnor, 

Pennsylvania, USA) to preserve thermal equilibrium and simulate physiological ocular surface 

conditions during the evaporation measurements. The right-eye goggle of the Waterloo 

Evaporimeter was gently placed over the model eye to form a tight seal and prevent external 

airflow interference. The Waterloo Evaporimeter software (Goggle, Dr. Ehsan Zare-Bidaki, 

Murphy Laboratory of Experimental Optometry, Waterloo, Canada) was initiated within 10 

seconds of evaporimeter goggle sealing to begin data collection. RH and temperature were 

recorded four times per second for 30 seconds to capture evaporation dynamics. 

Post-Measurement Handling: After each trial, the remaining liquid in the model eye was discarded 

and the model eye was dried with Kimwipe tissues (Kimtech Science, Roswell, GA, USA). The 

model eye was then returned to the oven for re-equilibration to 34ÁC before the next measurement. 

This process was repeated for a total of 16 measurements (8 for distilled water, 8 for TheraTearsÈ). 

To minimize experimental drift between trials, measurements were spaced at least three hours apart 

to allow for full drying, temperature stabilization, and recovery of consistent baseline conditions 

in the model eye. 
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4.1.2.4 Data Collection 

The Waterloo Evaporimeter provided continuous RH and temperature data from within the sealed 

goggle, and these data were analyzed to determine the ERs of the two test liquids. 

4.1.3 Results 

The ERs of distilled water and TheraTearsÈ were analyzed to determine whether there was a 

significant difference between the two test conditions. A Shapiro-Wilk test confirmed that both 

datasets were normally distributed. Based on these results, a paired t-test was performed, showing 

no statistically significant difference in ERs between distilled water and TheraTearsÈ (Table 4-2). 

Table 4-2: Comparison of evaporation rates between distilled water and TheraTearsÈ. 

Condition 
Mean ER Ñ SD 

(mL/min) 

Shapiro-Wilk 

W value 

Shapiro-Wilk 

p-value 
Paired t-test 

Paired t-test 

p-value 

Distilled Water 0.28 Ñ 0.02 0.97 0.92 

t (7) = ï1.14 0.29 

TheraTearsÈ 0.29 Ñ 0.03 0.90 0.45 

 

Figure 4-4 below presents a bar graph showing the mean Ñ standard deviation of ERs for the two 

test liquids. The mean ERs were similar between distilled water and TheraTearsÈ, with overlapping 

standard deviation error bars, indicating no apparent trend toward reduced evaporation in the 

TheraTearsÈ condition. These results confirm that, under the in vitro experimental conditions used 

in this study, TheraTearsÈ did not demonstrate a statistically significant reduction in ER compared 

to distilled water. 
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Figure 4-4: Mean ERs for distilled water and TheraTearsÈ, presented as mean Ñ SD (n = 8 per 

group). No statistically significant difference was observed between the two conditions (p = 

0.292, Paired t-test). 

 

Figure 4-5 showed the real-time increase in RH inside the Waterloo Evaporimeter goggle during 

the evaporation experiment for distilled water and TheraTearsÈ, demonstrating a nearly identical 

RH trend over time. 
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Figure 4-5: Real-time RH trend (in seconds) inside the Waterloo Evaporimeter goggle for 

distilled water and TheraTearsÈ. 

 

4.1.4 Discussion 

This study evaluated the ERs of distilled water and TheraTearsÈ under controlled in vitro 

conditions. The findings indicate that while TheraTearsÈ exhibited a slightly higher mean ER 

compared to distilled water, the difference was not statistically significant. 

Artificial tears are formulated to mimic the properties of the natural tear film, with the goal of 

maintaining ocular hydration and reducing evaporation. Although viscosity-enhancing agents, like 

carboxymethylcellulose, hyaluronic acid, and glycerin, are known to improve tear film stability, 

these results indicate that the presence of electrolyte blends (e.g., calcium, magnesium, potassium, 

sodium, phosphate, and bicarbonate) and osmolarity-balancing components20,44 did not 

significantly reduce evaporation compared to distilled water. This is likely due to the absence of a 

lipid layer in the experimental set-up and in TheraTearsÈ itself, which behaves similarly to water 
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in an evaporation-driven mode.76,218 Lipid-based formulations, by contrast, have been shown to 

provide greater resistance to evaporation and warrant further investigation.230,231 This suggested 

that further testing on lipid-containing artificial tears may provide greater insights into evaporation 

control. 

It is important to note that the evaporation measurements in this study were limited to a 30-second 

observation window. This duration likely captured only the initial, rapid loss of unbound water 

from the tear substitute, rather than the slower, sustained phase in which viscosity-enhancing 

agents and bound water contribute to tear film stability. In effect, the results may represent the 

immediate behavior of the solution on the ocular surface, rather than its longer-term evaporative 

resistance. Under this model, the lack of measurable difference between distilled water and the 

electrolyte-rich formulation aligns with what might be expected for many artificial tears in the 

early post-instillation period. Extending the measurement duration in future studies would allow 

for a more complete assessment of the solutionôs capacity to retain moisture and support tear film 

stability over time. 

Given the absence of a significant difference in evaporation rates and considering the small 

absolute amount of evaporated volume relative to the total, these findings suggest that distilled 

water and TheraTearsÈ behave similarly under short-term, controlled in vitro conditions. This may 

be relevant for experimental setups focused on relative comparisons in evaporation, though it does 

not necessarily reflect the broader physical behavior of artificial tear formulations in clinical use. 

This may be applicable in certain in vitro ocular surface models focused on evaporation, though 

more research is needed before drawing broader conclusions about the suitability of different tear 

substitutes. However, it is important to recognize that in clinical applications those factors beyond 
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evaporation, such as osmolarity, lubrication, and ocular surface compatibility, should be 

considered when selecting an artificial tear solution. 

In addition to evaluating the artificial tear formulation, this study also aimed to assess the 

performance of the Waterloo Evaporimeter. The results support its utility as a sensitive 

measurement tool capable of detecting subtle changes in RH within the goggle chamber. While no 

reference device was used in this experiment, the Waterloo Evaporimeter had previously been 

informally compared with the Delfin Eye VapoMeter in Dr. Wongôs work, providing some early 

validation of its sensitivity.217 In this context, ñsensitiveò refers to the deviceôs ability to record RH 

changes at 0.25-second intervals, enabling fine-grained slope calculations for evaporation rate. 

The consistent RH trends observed across repeated trials further support its utility for detecting 

relative changes in controlled in vitro settings. These real-time RH recordings enabled accurate 

calculation of ER, demonstrating that the evaporimeter is well-suited for controlled experimental 

studies examining tear film dynamics and artificial tear performance. 

4.1.5 Limitations and Future Directions 

This study has several limitations that should be acknowledged. First, the in vitro model does not 

account for dynamic factors present in the human tear film, such as blinking, tear turnover, and 

lipid layer interactions. Since the Tear Film Lipid Layer (TFLL) plays a major role in reducing 

evaporation, the experimental set-up may not fully replicate real-world conditions.76,218 Future 

studies should consider ex vivo or in vivo methodologies to assess the performance of TheraTearsÈ 

in more clinically relevant conditions. 

Additionally, the experiment was conducted at a fixed environmental RH and temperature, which 

may not reflect real-world variations. Changes in RH, airflow, and temperature fluctuations could 
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influence ERs, and future research should explore a broader range of environmental conditions to 

assess formulation performance across different climates. 

Another limitation is the relatively short measurement period (30 seconds), which may not have 

been sufficient to capture the full evaporation profile of the test solutions. This time frame 

primarily reflects the loss of unbound or freely mobile water in the tear substitute rather than the 

more physiologically relevant bound fraction that interacts with the ocular surface or is retained 

by viscosity-enhancing agents. Artificial tears, including electrolyte-rich formulations containing 

viscosity modifiers such as carboxymethylcellulose, often show an initial rapid evaporation phase 

as the unbound water dissipates, followed by a slower phase governed by the bound water fraction. 

By restricting measurements to the early phase, the experiment may have underestimated the 

longer-term protective effects of the formulation. Consequently, the absence of a statistically 

significant difference between distilled water and the electrolyte-rich solution in this study is 

perhaps unsurprising and may reflect a general characteristic of many artificial tear formulations 

under short measurement conditions, rather than a true equivalence in their performance over 

extended periods. 

Finally, comparing different artificial tear formulations, particularly those with higher viscosity 

agents, lipid-based components, or novel tear film stabilizers, could provide further insights into 

which formulations offer superior evaporation resistance. Given the findings of this study, future 

work should focus on evaluating lipid-containing artificial tears and their effectiveness in 

minimizing evaporation under physiological conditions. 

4.1.6 Conclusion 

This study found no significant difference in ERs between distilled water and TheraTearsÈ. While 

this may suggest similar evaporation behavior under tightly controlled in vitro conditions, the 
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absolute volume of fluid lost was small relative to the total volume tested, and the findings should 

not be overinterpreted. These results do not imply that the two are interchangeable in clinical 

settings. The study highlights the importance of considering tear film dynamics, lipid layer 

presence, and the specific context of use when evaluating artificial tear performance. Future 

research should focus on in vivo assessments and lipid-based formulations to better understand 

strategies for optimizing tear film stability and reducing evaporation in DED management.  
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4.2 In vitro evaporimetry of different of model eye sizes and lipid layer 

thicknesses 

4.2.1 Overview 

A critical determinant of TER is the LLT of the tear film. The lipid layer, primarily composed of 

oils secreted by the meibomian glands, serves as a barrier to evaporation. A healthy, adequately 

thick lipid layer stabilizes the tear film and reduces evaporation. Conversely, dysfunction of the 

meibomian glands can lead to a compromised lipid layer, resulting in increased TER and 

contributing to DED conditions.232 Empirical studies have demonstrated that a thinner lipid layer 

correlates with heightened TER, resulting in reduced tear film stability.76,233 Furthermore, the 

extent of the ocular surface exposed to the environment significantly impacts TER. Larger exposed 

areas facilitate greater evaporation, as evidenced by studies showing that TER is higher in patients 

with obstructive MGD compared to normal subjects.9 These insights underscore the intricate 

interplay between lipid layer integrity and ocular surface exposure in maintaining tear film stability 

and preventing excessive evaporation. In summary, TER is governed by a multifaceted interplay 

of factors, including the integrity of the lipid layer, the extent of ocular surface exposure, 

environmental conditions, and individual physiological characteristics. Understanding these 

elements is essential for developing effective strategies to manage and treat conditions like DED. 

Given these findings, both LLT and ocular surface size directly impact TER. 

In this second in vitro evaporimetry experiment, the effect of different model eye sizes and varying 

LLTs was tested to observe their potential effects on water ER. These insights will contribute to 

understanding the biophysical mechanisms underlying tear evaporation, providing important 

implications DED research and treatment strategies. 
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This experiment aimed to confirm that thicker lipid layers decrease ER by enhancing tear film 

protection against moisture loss, while larger ocular surface areas increase ER by exposing a 

greater surface to ambient conditions. 

4.2.2 Materials and Methods 

4.2.2.1 Experimental Design and Model Eye Selection 

An in vitro experiment was conducted to evaluate the effect of LLT and ocular surface size on ER. 

A custom-designed model eye system was used to simulate the exposed ocular surface. The model 

eyes were fabricated from aluminum and featured an elliptical aperture with a capacity to hold the 

test liquid. Unlike the previous study, which employed a single model eye size of 1.75 cmĮ, this 

study utilized two different model eye sizes: 1.25 cmĮ (M1.25) and 2.5 cmĮ (M2.50) (Figure 4-6). 

The aperture volume of the M1.25 and M2.50 model eyes were 900 ÕL and 1750 ÕL, respectively. 

The selection of these sizes was based on their ability to represent a range of ocular surface 

exposures, with the smaller model eye mimicking lower exposure conditions (such as a partially 

closed eyelid or a smaller corneal exposure area) and the larger model eye representing higher 

exposure conditions, which occur in wide-open eye positions or individuals with larger palpebral 

fissures. These variations allowed for a more comprehensive assessment of how ocular surface 

area interacts with LLT in influencing ERs. 
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Figure 4-6: The two selected model eye sizes: 1.25 cmĮ (left) and 2.5 cmĮ (right) used for the 

experiment (Image created by the author). 

 

Two primary test solutions were used in this experiment: distilled water (to simulate an aqueous 

tear film) and distilled water with added CALMOÈ Eye Spray as a lipid layer on top (to mimic 

different LLTs). (Table 4-3). The distribution of water and spray within each model was carefully 

determined to ensure consistency across conditions. The volume of lipid for each LLT condition 

was based on a single, full, spray puff size of 25 ɛL, as reported by the company, with increasing 

amounts representing progressively thicker lipid layers. The use of a spray, rather than an eye drop, 

was intentional and offered several methodological advantages. First, the spray produces a fine 

mist that spreads evenly across the water surface, resulting in a uniform and reproducible lipid 

layer- an outcome more difficult to achieve with a conventional drop, which tends to disperse 

unevenly and may form localised accumulations. Second, the formulation of CALMOÈ Eye Spray 

is specifically designed to create a stable lipid layer that integrates well with the aqueous phase, 
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closely mimicking the tear filmôs lipid component in vivo. This is particularly important in a model 

system where surface uniformity directly affects evaporation dynamics. Finally, the measured 

spray puff volume provided a consistent and easily quantifiable lipid dose, enabling precise control 

over LLT conditions and reducing variability between trials. 

 

Figure 4-7: CALMOÈ Eye Spray Packaging234 (Image from: CandorVision. Calmo Eye Spray 

Packaging [Internet]. Montreal: CandorVision; [cited 2025 Mar 13]. Available from: 

https://www.candorvision.com/calmo-eye-spray) 

 

CALMOÈ Eye Spray (Figure 4-7) was chosen for its ability to stabilize the lipid layer of the tear 

film, addressing one of the root causes of dry eye by reducing excessive tear evaporation. The 

spray contains liposomes, which can form a stabilizing lipid-like film on the surface and thereby 

help reduce evaporation. It also includes dexpanthenol (pro-vitamin B5), which serves mainly as 

a moisturizer and supports epithelial protection, though it does not directly influence evaporation. 

The liposomes are composed of soy lecithin, a plant-derived phospholipid. While not a natural 

https://www.candorvision.com/calmo-eye-spray
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constituent of the tear film, soy lecithin has amphiphilic properties that allow it to spread across 

aqueous surfaces, reduce surface tension, and improve lipid coverage. These characteristics make 

the spray suitable for creating controlled variations in lipid layer thickness (LLT) in the model eye 

system. The ingredients of CALMOÈ Eye Spray, as provided in the official package insert, are 

summarized in Table 4-3: 

Table 4-3: Specifications of CALMO Eye Spray 

Product Name CALMOÈ Eye Spray 

Manufacturer Scope Eyecare, Germany 

Type Lipid-based spray 

Key Active Ingredient Soy Lecithin ï Lipid Layer Stabilizer 

Inactive Ingredients Sodium Chloride, Ethanol, Vitamin A, Vitamin E, Purified Water 

Lipid Components Soy Lecithin 

Preservative Preservative-free 

pH 6.8-7.4 

Osmolarity Not specified (spray application) 

Intended Use EDE & MGD 

Mechanism of Action 
Stabilizes the lipid layer, reduces evaporation, and 

improves meibomian gland function 

Clinical Efficacy 
Clinical data suggests improved lipid layer stability 

and reduced tear evaporation 
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4.2.2.2 Experimental Setup 

To replicate physiological OST, the model eyes and test solutions were pre-conditioned overnight 

in an oven (Fisher Scientific, Waltham, Massachusetts, USA) at 34ÁC, the reported normal human 

OST. The experiment was conducted in a controlled environmental chamber (Model 5503-11 

Package E, Electro-Tech Systems Inc., Glenside, Pennsylvania, USA), set to 34ÁC and 40% RH to 

maintain stable testing conditions. 

4.2.2.3 Experiment Procedure 

Filling the Model Eye: While still inside the oven, the model eyes were filled with pre-warmed 

distilled water using an Eppendorf Reference 100ï1000 ɛL micropipette (Eppendorf, Hamburg, 

Germany), with the volume adjusted according to the experimental condition. The total liquid 

volume was determined by the model eye size: 0.9 mL for the 1.25 cmĮ model eye and 1.75 mL 

for the 2.5 cmĮ model eye. Depending on the assigned LLT condition (No Lipid, Thin, Medium, 

or Thick), a portion of the total volume was filled with distilled water, and the remainder was 

supplemented by dispensing the required number of CALMOÈ Eye Spray puffs (1, 2, 3, 4 or 6) 

directly onto the water surface. The spray nozzle was positioned perpendicular to the model eye 

and maintained at a fixed distance of approximately 2ï3 cm above the liquid surface to ensure an 

even mist coverage without disturbing the aqueous layer. No stirring or agitation was performed 

after spray application, allowing the lipid layer to spread naturally. Details of the water and 

CALMOÈ volumes are summarized in Table 4-4.  
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Table 4-4: Distribution of water and CALMOÈ Eye Spray volumes for each LLT condition in the 

1.25 cmĮ and 2.5 cmĮ model eyes. The total volume of each model eye was maintained constant, 

with increasing sprays representing progressively thicker lipid layers, and the corresponding 

water volume adjusted accordingly. 

 1.25 cm2 Model Eye (Volume: 0.9 mL) 2.5 cm2 Model Eye (Volume: 1.75 mL) 

LLT 

Condition 

Water 

Volume 

(mL) 

CALMOÈ 

Volume (mL) 

Number of 

Spray Puffs 

Water 

Volume (mL) 

CALMOÈ 

Volume (mL) 

Number of 

Spray Puffs 

No Lipid 0.90 0.00 0 1.75 0.00 0 

Thin LLT 0.86 0.05 1 1.66 0.09 2 

Medium 

LLT 
0.81 0.09 2 1.57 0.18 4 

Thick 

LLT 
0.77 0.14 3 1.48 0.27 6 

 

These variations were chosen to assess the influence of LLT on evaporation, with progressively 

increasing amounts of lipid spray representing thin, medium, and thick lipid layers. 

Evaporation Measurement: The model eye was transferred from the oven to the environmental 

chamber and placed on a 34ÁC heating plate (Digital Heatblock, VWR, Radnor, Pennsylvania, 

USA). The right-eye goggle of the Waterloo Evaporimeter was carefully placed over the model 

eye to form a tight seal, minimizing external airflow interference. The Waterloo Evaporimeter 

software (Goggle, Dr. Ehsan Zare-Bidaki, Murphy Laboratory of Experimental Optometry, 

Waterloo, Canada) was initiated within 10 seconds of sealing to begin data collection. RH and 

temperature data were recorded four times per second for 30 seconds to capture evaporation 

dynamics. 
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Post-Measurement Handling: After each trial, the remaining liquid was discarded, and the model 

eye was dried with Kimwipe tissues (Kimtech Science, Roswell, GA, USA). The model eye was 

returned to the oven for re-equilibration to 34ÁC before the next measurement. This process was 

repeated four times for each condition, ensuring repeatability and statistical robustness. To 

minimize experimental drift, each measurement was conducted at least three hours apart, ensuring 

the model eye was fully dried and re-equilibrated before each trial. 

4.2.2.4 Data Collection 

The Waterloo Evaporimeter provided continuous RH and temperature data from within the goggle, 

which were analyzed to determine the ER under different LLT and ocular surface area conditions.  

4.2.3 Results 

The Mean ER ± SD for each LLT condition in the 1.25 cm² and 2.5 cm² model eyes is presented 

in Table 4-5. Each LLT condition was tested five times for both model eye sizes, resulting in a 

total of 40 measurements. After performing the Shapiro-Wilk test and confirming that the data 

were normally distributed, a two-way ANOVA was conducted to determine the statistical 

significance of the effects of LLT, model eye size, and their interaction on evaporation rate. The 

results are shown in Table 4-6. 
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Table 4-5: Mean ER ° SD across different LLT conditions for the 1.25 cmĮ and 2.5 cmĮ model 

eyes.  

LLT Condition 

Mean ER ° SD (ÕL/min) 

Model Eye 1.25 cmĮ  Model Eye 2.5 cmĮ  

No Lipid 0.300 ° 0.012 0.320 ° 0.024 

Thin LLT 0.300 ° 0.043 0.316 ° 0.015 

Medium LLT 0.300 ° 0.045 0.305 ° 0.026 

Thick LLT 0.297 ° 0.040 0.306 ° 0.023 

 

Table 4-6: Two-way ANOVA results assessing the main effects of LLT, model eye size, and their 

interaction on ER. 

Parameter 
F-Statistic P-Value 

LLT 
5.420 0.009 

Model Eye Size 
6.780 0.032 

LLT Ĭ Model Eye Size Interaction 
2.145 0.104 

 

The two-way ANOVA revealed a statistically significant main effect of LLT on evaporation rate 

(F (3, 24) = 5.42, p = 0.009), indicating that changes in lipid layer thickness significantly 

influenced ER. A significant main effect was also observed for model eye size (F (1, 24) = 6.78, p 

= 0.032), with the larger surface area associated with higher ER. However, the interaction between 

LLT and model eye size was not statistically significant (F (3, 24) = 2.145, p = 0.104), suggesting 

that the effect of LLT on ER was consistent across both model eye sizes. Although statistically 
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significant, the absolute changes in ER were very small (å0.005ï0.010 ÕL/min) and only become 

apparent when reported to three decimals. 

Given the significant main effect of LLT on evaporation rate, a post hoc Tukey HSD test was 

conducted to examine pairwise differences between LLT conditions. The results revealed that the 

Medium LLT condition resulted in significantly lower ER compared to both the No Lipid (p = 

0.031) and Thin LLT conditions (p = 0.015). No other pairwise comparisons reached statistical 

significance. 

4.2.4 Discussion 

This study investigated the impact of LLT and ocular surface size on ER under controlled 

conditions. The findings indicate that both factors significantly influence ER, with thicker lipid 

layers, simulated using CALMOÈ Eye Spray reducing ER, and larger surface areas producing 

higher ER across all conditions. 

The TFLL plays a crucial role in maintaining ocular surface health by minimizing water loss. A 

study demonstrated that a model TFLL composed of 40% wax esters, 40% cholesteryl esters, and 

20% polar lipids reduced water ER by 11% at a surface pressure of 47 mN/m. This underscores 

the importance of lipid composition and thickness in controlling tear evaporation. 235  

The efficacy of liposomal eye sprays in stabilizing the TFLL has been documented in previous 

studies. For instance, a study comparing high and low phospholipid concentration eye sprays found 

that higher concentrations significantly improved ocular comfort and tear film stability.236 This 

aligns with the results from this study, suggesting that the liposomal components of CALMOÈ Eye 

Spray contribute to tear film stabilization and help reduce tear evaporation. 

The results from this study align with these findings, showing a progressive reduction in ER with 

increasing LLT. Specifically, the No Lipid condition exhibited the highest ER, while the Thick 
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LLT condition showed the lowest. This suggested that thicker lipid layers provide enhanced 

stability to the tear film, effectively reducing moisture loss. 

In addition to the influence of LLT, this study revealed that the larger ocular surface area (M2.50 

model eye) consistently exhibited higher ER across all LLT conditions. This observation supports 

the hypothesis that increased exposed ocular surface area leads to greater evaporation. This finding 

aligns with previous research demonstrating that TER increase proportionally with ocular surface 

area.108 

Understanding the relationship between ocular surface area and TER is crucial for comprehending 

tear dynamics and developing effective treatments for DED. These insights highlight the 

importance of considering both LLT and ocular surface area in managing tear evaporation and 

maintaining ocular surface health. 

The findings from this study have important implications for both experimental and clinical 

settings. The observation that TER decreases with increasing LLT suggested that artificial tear 

formulations with lipid-based components may be more effective in reducing evaporation-related 

tear film instability. Moreover, the significant impact of ocular surface area on TER underscores 

the importance of considering palpebral fissure size and blink rate when assessing DED severity 

and designing treatment strategies. 

In experimental settings, the results validate the need for including lipid-mimicking agents in in 

vitro tear film models to achieve physiologically relevant results. Additionally, the influence of 

ocular surface area suggested that model eye selection should closely mimic natural human corneal 

exposure for accurate tear film evaporation studies. 

4.2.5 Limitations and Future Directions 

While this study provides valuable insights, several limitations must be acknowledged: 
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The experimental set-up was conducted in a static environment, thereby excluding the dynamic 

spreading and redistribution of the lipid layer that would normally occur during blinking. 

Furthermore, although RH and temperature were carefully controlled, real-world fluctuations in 

environmental conditions, such as climate and airflow, may also influence TER. Additionally, 

although CALMOÈ Eye Spray was used to simulate the lipid layer, it does not fully replicate the 

complex structural and biochemical properties of the natural tear film. Moreover, the thickness of 

the lipid layer was not directly measured; instead, it was assumed based on the number of spray 

applications. While this approach allowed for relative comparisons, interferometry measurement 

techniques would provide a more accurate and objective assessment of lipid layer thickness. 

Future research should explore incorporating a blinking mechanism in experimental set-ups to 

better understand lipid redistribution and tear film break-up, for example using the OcuBlink 

device (OcuBlink Inc., Toronto, Canada).237 It should also involve testing additional lipid-based 

artificial tears to compare their effectiveness in reducing evaporation. Furthermore, expanding the 

range of environmental conditions, particularly RH and airflow, would provide valuable insight 

into how these variables influence TER. 

4.2.6 Conclusion 

This study demonstrated that LLT and ocular surface size are critical factors influencing TER. 

Thicker lipid layers significantly reduced TER, while larger exposed ocular surfaces led to higher 

ERs. These findings support the clinical relevance of lipid-based artificial tears in managing EDE 

and emphasize the need for precise in vitro models that replicate physiological conditions. Future 

research should focus on dynamic tear film interactions, environmental variability, and enhanced 

lipid-mimicking formulations to further advance our understanding of tear film stability and 

evaporation control. 
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4.3 Investigating Tear Film Dynamics Following Lipid Eye Drop 

Instillation (PHASE I) 

4.3.1 Overview  

The tear film, particularly the lipid layer produced by the meibomian glands, plays a critical role 

in regulating tear evaporation and maintaining tear film stability. By significantly reducing 

moisture loss from the ocular surface, the lipid layer ensures adequate lubrication and protects 

against DED symptoms.35,238 TER serves as an essential diagnostic parameter for identifying EDE, 

a condition linked to MGD.6,239 The second in vitro study used an eye model with CALMOÈ eye 

spray to demonstrate the efficacy of lipid supplementation in reducing tear film evaporation, 

emphasizing the clinical relevance of lipid-based therapies. However, while in vitro models 

provide controlled environments to examine fundamental tear film dynamics, they lack the 

complexity of physiological variables present in vivo, such as blink rate, OST, and natural tear 

turnover. 

To bridge this gap, the current study aimed to evaluate these effects in vivo. Specifically, to 

investigate the interrelationships among LLT, NITBUT, and TER under physiological conditions. 

Studying these parameters concurrently provided a comprehensive understanding of their inter-

dependency and offered clinically significant insights into tear film dynamics.7 

Additionally, this study aimed to validate the performance and reliability of the Waterloo 

Evaporimeter to measure TER simultaneously from both eyes. This device offers enhanced 

precision, bilateral measurement capabilities, and improved temporal resolution compared to 

existing evaporimeters such as the Eye-Vapometer (Delfin Technologies, Finland).200,240 

Therefore, the purposes of this experiment were two-fold: 
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(1) To validate the accuracy and reliability of the Waterloo Evaporimeter, 

(2) To investigate the impact of lipid-based eye drop instillation on LLT, NITBUT, and TER, 

aiming to clarify their interrelated dynamics under physiological conditions. 

4.3.2 Materials and Methods 

4.3.2.1 Subjects and Ethical Approval 

This study received ethics clearance through a University of Waterloo Research Ethics Board 

(REB #44425). The study adhered to the tenets of the Declaration of Helsinki. 

Twenty-five healthy adult participants (mean age 35.3 Ñ 8.25 years; 17 males, 8 females) were 

enrolled in the study. Inclusion criteria required participants to be 18 years or older, have no known 

active ocular disease or infection, and be able to comply with the study protocol, including 

refraining from contact lens wear, eye make-up, and ocular lubricants on the day of the study visit. 

Participants also needed to be awake for at least two hours prior to the study visit. Exclusion criteria 

included the presence of any active ocular disease or infection, recent ocular surgery within the 

past six months, or the use of systemic or ocular medications that could potentially influence tear 

film properties. Individuals with a known sensitivity to Systane CompleteÈ eye drops or petroleum 

jelly, as well as those with a history of refractive surgery or aphakia, were also excluded. 

All subjects provided written informed consent before participating in the study. 

4.3.2.2 Sample Size Determination 

The required sample size for this study was determined using an a priori power analysis conducted 

in G*Power (Version 3.1.9.7; Heinrich Heine University D¿sseldorf, Germany) for a repeated-

measures ANOVA (within-subjects) design. Assuming a medium effect size (f = 0.25, equivalent 

to Cohenôs d å 0.5), with Ŭ = 0.05 and power (1ïɓ) = 0.80, the analysis indicated a minimum of 

54 participants would be required to detect an effect of that size with the specified level of 
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statistical power. The effect size assumption was based specifically on TER as the primary 

outcome, guided by pilot data reported in the doctoral thesis of Dr. Stephanie Wong, which 

evaluated short-term changes in TER following lipid-based eye drop instillation using a 

comparable evaporimetry setup.217 Although this study also included NITBUT and LLT, TER was 

selected as the reference variable for sample size estimation due to the availability of comparable 

pilot data. 

To ensure adequate statistical power and allow for possible attrition or data exclusion, a total of 60 

participants was targeted for recruitment in this study. 

4.3.2.3 Instrumentation 

The following instruments were used for this study, with their detailed specifications previously 

described in the methodology chapter and thus not repeated here: 

π Waterloo Evaporimeter: TER. (Section 1-1) 

π Keratograph 5MÈ (Oculus, Germany): NITBUT. (Section 3-5) 

π Tear Science LipiView IIÈ (Johnson & Johnson Vision, USA): LLT. (Section 3-4) 

Systane CompleteÈ Eye Drop (Alcon, Canada) is a commercially available preservative-free, 

sterile, lipid-based white emulsion formulated to supplement the natural tear lipid layer. It contains 

nano-sized lipid droplets ingredients that collectively function to stabilize the lipid layer, improve 

tear film integrity, enhance tear film stability, and subsequently reduce tear evaporation. The choice 

of Systane CompleteÈ was based on its proven clinical effectiveness, extensive usage, and well-

established safety profile, providing an appropriate model to examine changes in tear film 

parameters. Table 4-7 summarizes the key specifications of Systane CompleteÈ.  
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Table 4-7: Specifications of Systane CompleteÈ lipid eye drop. 

Product Name Systane CompleteÈ 

Manufacturer Alcon, USA 

Type Oil-in-water nano emulsion 

Key Active Ingredient Propylene Glycol (0.6%) ï Lubricant 

Inactive Ingredients 

Boric Acid, Edetate Disodium, Hydroxypropyl Guar, Mineral Oil, 

Polyoxyl 40 Stearate, Sorbitol, Sorbitan Tristearate, Purified Water 

Lipid Components Dimyristoyl Phosphatidylglycerol (DMPG), Mineral Oil 

Preservative POLYQUAD(Polyquaternium-1) 0.001% 

PH 7.4 

Osmolarity 300 mOsm/kg 

Intended Use EDE & Mixed DED 

Mechanism of Action Restores the lipid layer, stabilizes the tear film, reduces evaporation 

Clinical Efficacy 

Demonstrated effectiveness in improving LLT and  

reducing symptoms of DED 

 

4.3.2.4 Experimental Procedure 

The experimental tasks were conducted in the following chronological order: 

4.3.2.4.1 Baseline Measurements 

Demographic, ocular, and medical history data were collected for each participant. This included 

information on age, sex, contact lens use, recent use of eye drops, history of ocular surgeries or 

infections, use of ocular or systemic medications or supplements, and any known sensitivities to 

eye drops or petroleum jelly, as well as a history of epilepsy. 
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Entrance visual acuity (VA) was assessed using a Bailey-Lovie LogMAR chart to confirm that 

participants had normal or corrected-to-normal vision prior to the experiment. 

LLT was then measured using the LipiView II device, followed by three consecutive NITBUT 

measurements obtained with the Keratograph 5M. 

To prepare for evaporimetry, petroleum jelly was carefully applied around the eyes to ensure an 

airtight seal with the evaporimeter goggles and to block evaporation from the skin surrounding the 

eyes. TER was measured with the participantôs eyes open, while blinking every three seconds for 

a duration of 20 seconds, guided by a metronome. After ventilating the goggles to restore baseline 

RH levels, TER was measured again with the eyes closed for 20 seconds. 

4.3.2.4.2 Lipid Drop Instillation 

One drop of Systane CompleteÈ was instilled into randomly chosen one eye followed by a wait 

period of five minutes to allow for absorption and stabilization. 

4.3.2.5 Post-Drop Measurements 

LLT was measured using the LipiView IIÈ device. Following this, three consecutive NITBUT 

measurements were obtained using the Keratograph 5MÈ. Post-drop TER was then assessed, 

beginning with an open-eye measurement during which participants blinked every three seconds 

for 20 seconds, guided by a metronome. After ventilating the goggles to restore baseline RH, TER 

was measured again with the eyes closed for 20 seconds. 

4.3.2.5.1 Additional Measurements 

The Waterloo Evaporimeter is designed to measure TER within a controlled chamber. The second 

in vitro study demonstrated that the exposed ocular surface area significantly impacts ER. It is also 

likely that the volume of the goggle chamber will impact the measured TER. 
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A larger goggle volume provides more space for water vapor accumulation, potentially affecting 

the RH gradient inside the chamber by influencing the rate at which water molecules diffuse from 

the tear film. This internal volume can vary between individuals depending on facial structure and 

the degree of ocular protrusion (i.e., the relative position of the eye in the orbit). Therefore, 

quantifying the exact volume of the goggle chamber is necessary to ensure consistency across 

measurements and to control for inter-individual anatomical variations. 

Similarly, the palpebral aperture size (PAS) determines the extent of the exposed ocular surface 

area. A larger exposed area allows for greater evaporative loss due to increased interaction between 

the tear film and the surrounding air. By measuring PAS, individual anatomical differences that 

could contribute to variability in TER can be considered. 

These additional measurements enhanced the precision of the evaporimetry assessments by 

providing a more comprehensive understanding of the factors influencing tear film evaporation, 

allowing for more accurate interpretation of inter-subject differences in DED studies. 

The following measurement techniques were used to quantify the goggle chamber volume and 

palpebral aperture size: 

Waterloo Evaporimeter Goggle Volume: The participant was seated upright in a consulting chair 

with their head positioned against a headrest for stability. The participant then placed a pair of 

modified Arena Zoom X-FitÈ swimming goggles (Arena Distribution SA, Lugano, Switzerland) 

over their eyes and adjusted the strap to ensure a secure fit. These modified goggles featured a 

small opening at the top of each eyepiece, designed to facilitate the introduction of liquid into the 

chamber (Figure 4-8). To measure the volume of the goggle chamber, Sensitive EyesÈ Saline Plus 

Solution (Bausch + Lomb, USA) - a buffered, isotonic saline solution selected for its ocular 

biocompatibility - was drawn into a 30 mL BD (Becton, Dickinson and Company, Franklin Lakes, 
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New Jersey, USA) Plastic Syringe using a 200 ɛL pipette tip. The detailed specifications of 

Sensitive Eyes Saline Plus Solution are summarized in Table 4-8.  

The initial volume of saline in the syringe was recorded in milliliters. With their eyes closed, the 

participant remained still as saline was gradually introduced into the eyepiece chamber until 

completely filled. The final volume remaining in the syringe was then recorded to the nearest 

milliliter. The difference between the starting and ending volume was used to determine the total 

volume within each goggle chamber for that participant. 

 

Figure 4-8: Top view of the modified swimming goggles, with arrows indicating the small holes 

drilled into each eyepiece chamber. These openings facilitated the addition of saline, enabling 

precise measurement of the chamber volume (Image created by the author). 
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Table 4-8: Specifications of Sensitive EyesÈ Saline Plus Solution 

Product Name Sensitive EyesÈ Saline Plus Solution 

Manufacturer Bausch + Lomb, USA 

Type Buffered isotonic saline solution 

Key Active 

Ingredient 
Sodium Chloride (0.9%) 

Inactive 

Ingredients 

Boric Acid, Sodium Borate, Potassium Chloride, Calcium Chloride, 

Magnesium Chloride, Preservative (POLYQUADÈ 0.001%) 

Lipid 

Components 
None 

Preservative POLYQUADÈ (Polyquaternium-1) 0.001% 

PH Approximately 7.0 

Osmolarity ~300 mOsm/kg 

Intended Use Rinsing and storing soft contact lenses; ocular surface irrigation 

Mechanism of 

Action 
Maintains isotonicity with the eye to prevent irritation; helps rinse away debris 

Clinical 

Efficacy 
Gentle on sensitive eyes; helps maintain ocular comfort; not a tear substitute 

 

PAS: The anterior segment of the eye was photographed using a Canon EOS 60D digital camera 

(Canon, Tokyo, Japan) mounted on a Zeiss slit-lamp biomicroscope. Images of each eye were 

captured at 5Ĭ magnification, with additional external illumination provided by a Canon Macro 

Twin Lite flash to enhance visibility. To establish a calibration reference, participants held a ruler 

beneath each eye during image acquisition. The photographs were analyzed using ImageJ software 

(Version 1.52k, National Institutes of Health, USA). The Polygon tool was used to delineate the 
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boundaries of the upper and lower eyelids, allowing for precise measurement of the exposed ocular 

surface area. The enclosed region between the eyelids was quantified in square centimeters (cmĮ) 

as a measure of the visible ocular surface area. An example of the ImageJ-based delineation 

process used for PAS measurement is shown in Figure 4-9. 

 

Figure 4-9: Representative ImageJ analysis of PAS measurement. The exposed ocular surface 

area was delineated manually using the Polygon Selections Tool in the ImageJ software (v1.52k, 

NIH, USA), with vertices placed along the upper and lower eyelid margins. A calibration ruler 

was included in the field of view to enable precise scaling and quantification of the enclosed area 

in square centimeters (cmĮ) (Image created by the author). 

  

4.3.2.5.2 Completion Procedures 

Exit visual acuity was reassessed using the Bailey-Lovie LogMAR chart to confirm that no adverse 

effects had occurred during testing. Participants then completed a study completion form and 

received remuneration for their participation. 
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The following table (Table 4-9) summarises the structured sequence of experimental procedures 

conducted throughout the study. 

Table 4-9: Summary of the experimental procedure of the study. 

 

 

4.3.2.6 Statistical Analysis 

All statistical analyses were conducted using SPSS (IBM Corp., Armonk, NY, USA). To assess 

data normality, the distribution of LLT, NITBUT, and TER values before and after lipid drop 

instillation was evaluated using the Shapiro-Wilk test. Variables that deviated from normality were 

analyzed using non-parametric methods. 

Baseline 
Measurements

Collection of demographic data, ocular, and medical history

Entrance VA with Bailey-Lovie LogMAR chart  

LLT with LipiView II

NITBUT with Keratograph 5M

TER with Waterloo Evaporimeter 

Lipid Drop 
Instillation

Instillation of one drop of Systane CompleteÑ into one eye

Wait period of 5 minutes

Post Drop 
Measurements 
(@ 5 minutes)

LLT with LipiView II

NITBUT with Keratograph 5M

TER with Waterloo Evaporimeter

Additional 
Measurements

Waterloo Evaporimeter Goggle Volume 

PAS with a Canon EOS 60D digital camera 

Exit VA with Bailey-Lovie LogMAR chart  
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Comparative analyses were conducted to examine changes in tear film parameters pre- and post-

instillation. Due to its non-normal distribution, LLT was analyzed using the Wilcoxon Signed-

Rank test. In contrast, NITBUT and TER values, which followed a normal distribution, were 

analyzed using paired-sample t-tests. 

To explore sub-group differences, participants were categorized into low and high LLT groups 

based on the median baseline LLT value, as well as low and high RH groups based on the median 

ambient humidity. Differences between these groups were evaluated using independent t-tests for 

normally distributed variables or Mann-Whitney U tests for non-normally distributed variables. 

Pearson correlation analyses were conducted to investigate the relationships between changes in 

LLT, NITBUT, and TER following lipid drop instillation. Additional correlation analyses were 

performed to assess the influence of environmental factors (RH and temperature) and anatomical 

factors (PAS and VIG) on TER measurements. 

Finally, the Intraclass Correlation Coefficient (ICC) was calculated to assess the repeatability and 

reliability of TER measurements obtained with the evaporimeter. An ICC value greater than 0.80 

was considered indicative of excellent reliability. 

4.3.3 Results 

4.3.3.1 Participant Demographics and Environmental Conditions 

An initial sample size calculation for Phase I indicated that 54 participants were needed to achieve 

adequate statistical power. Recruitment was planned for 60 to allow for exclusions. However, after 

enrolling 25 participants, interim analysis suggested that the 5-minute observation period was too 

short to fully capture post-instillation changes. At that point, recruitment was paused, and the 

protocol was revised to include a 20-minute follow-up period and the addition of OST 

measurements using the ThermOcular camera. As a result, the current dataset represents a partial 
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phase of the study, and the reduced sample size is acknowledged as a limitation. Table 4-10 

presents the demographic characteristics of the participants along with the environmental 

conditions under which the measurements were taken. 

Table 4-10: Participant demographics and environmental conditions. 

Characteristics Mean Ñ SD or n 

Age (years) 35.3 Ñ 8.3 

Sex 17 Male, 8 Female 

Eye Measured (OD/OS) 14 OS, 11 OD (randomly chosen) 

Room Temperature (ÁC) 22.5 Ñ 0.6 

Ambient RH (%) 48.5 Ñ 12.2 

 

4.3.3.2 Tear Film Characteristics Before and After Lipid Drop Instillation 

The primary tear film characteristics evaluated in this study were LLT, NITBUT, and TER. These 

parameters were measured at baseline (before lipid eye drop instillation (Systane Complete)) and 

repeated following administration of an eye drop. Table 4-11 summarizes the descriptive statistics 

for LLT, NITBUT, and TER measurements, illustrating the tear film dynamics associated with lipid 

supplementation. NITBUT was recorded as both the First Measurement only and as the Average 

of three measurements. 
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Table 4-11: Tear film characteristics before and after lipid drop instillation 

Parameter Before Drop (Mean Ñ SD) After Drop (Mean Ñ SD) 

LLT (nm) 57.5 Ñ 15.5 85.9 Ñ 18.1 

NITBUT (sec)  

First Measurement 16.6 Ñ 6.1 13.9 Ñ 6.4 

Average Measurement 18.3 Ñ 5.2 17.2 Ñ 5.0 

TER (g/mĮ/hr) 0.08 Ñ 0.06 0.11 Ñ 0.06 

 

4.3.3.3 Normality Analysis of Tear Film Characteristics 

The normality of distributions for LLT, NITBUT, and TER measurements, both before and after 

lipid eye drop instillation, was assessed using the Shapiro-Wilk test. The results are summarized 

in the Table 4-12. 

Table 4-12: Normality analysis of tear film characteristics (Shapiro-Wilk test). 

Parameter Condition Shapiro-Wilk W p-value 

LLT (nm) 

Before Drop 0.84 0.006 

After Drop 0.76 <0.001 

NITBUT (sec)  

First Measurement 

Before Drop 0.96 0.229 

After Drop 0.93 0.116 

Average Measurement 

Before Drop 0.94 0.062 

After Drop 0.96 0.492 

TER (g/mĮ/hr) 

Before Drop 0.87 0.002 

After Drop 0.92 0.229 
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Following normality analysis, appropriate inferential statistical methods were selected to evaluate 

differences in tear film characteristics before and after the instillation of lipid-based eye drops. 

Due to the non-normal distribution of LLT, a non-parametric Wilcoxon Signed-Rank test was used. 

In contrast, NITBUT and TER were normally distributed, allowing for the application of paired-

sample t-tests. 

4.3.3.4 Comparative Analysis of Tear Film Characteristics Before and After Lipid Drop 

Instillation 

A comparative analysis of LLT, NITBUT and TER was completed. The summary of these 

statistical analyses, including test statistics and p-values, is presented in Table 4-13. 

Table 4-13: Summary table of inferential statistical analysis 

Parameter Statistical Test Before Drop After Drop Test Statistic 

p-

value 

LLT (nm) 

Wilcoxon Signed-

Rank 

Median: 54 

(IQR: 51ï58) 

Median: 99 

(IQR: 92-100) 

Z = 0.00 <0.001 

NITBUT (sec) 

First 

Measurement 

Paired-sample 

t-test 

16.6 Ñ 6.1 13.9 Ñ 6.4 t (24) = 2.92 0.008 

Average 

Measurement 

Paired-sample 

t-test 

18.3 Ñ 5.2 17.2 Ñ 5.0 t (24) = 2.02 0.055 

TER 

(g/mĮ/hr) 

Paired-sample 

t-test 

0.08 Ñ 0.06 0.11 Ñ 0.06 t (24) = -2.53 0.019 

Note: LLT values are reported as median (IQR) due to non-normal distribution, whereas NITBUT 

and TER values are presented as mean Ñ SD. Statistical significance is defined as p Ò 0.05. 
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4.3.3.4.1 LLT 

A Wilcoxon Signed-Rank test revealed a statistically significant increase in LLT after lipid drop 

instillation (median before drop = 54 nm, median after drop = 99 nm, Z = 0.0, p < 0.001), 

confirming the effectiveness of lipid supplementation in enhancing the lipid layer. This change is 

visually represented in Figure 4-10, which displays LLT values before and after lipid drop 

instillation. 

 

Figure 4-10: Boxplot representation of LLT before and after lipid drop instillation (n=23). A 

statistically significant increase in LLT was observed following instillation (Wilcoxon Signed-

Rank test, p < 0.001). LLT values are presented as median and interquartile range due to non-

normal distribution. The median line for the After Instillation condition overlaps with the top 

edge of the box due to a ceiling effect at 100 nm, the maximum measurable limit of the LipiView 

II device. 
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4.3.3.4.2 NITBUT 

Paired-sample t-tests were conducted for both the first measurement and the average measurement 

of NITBUT, before and after lipid eye drop instillation.  

The First NITBUT Measurement significantly decreased following the lipid drop (mean before: 

16.6 Ñ 6.09 s, after drop: 13.9 Ñ 6.4 s; t (24) = 2.92, p = 0.008). This result is illustrated in Figure 

4-11, which showed the change in NITBUT First Measurement before and after lipid drop 

instillation. 

The Average NITBUT Measurement slightly decreased after instillation, although this reduction 

was not statistically significant (18.3 Ñ 5.2 s before vs. 17.2 Ñ 5.0 s after; t (24) = 2.38, p = 0.226). 

 

Figure 4-11: Bar graph illustrating the change in mean Ñ SD NITBUT First Measurement before 

and after lipid drop instillation (n=23). A statistically significant decrease in NITBUT First was 

observed after drop instillation (paired t-test, p = 0.008).  
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4.3.3.4.3 TER 

Paired-sample t-tests revealed a statistically significant increase in TER following lipid eye drop 

instillation (0.08 Ñ 0.06 g/mĮ/hr before versus 0.11 Ñ 0.06 g/mĮ/hr after; t (24) = -2.53, p = 0.019), 

indicating that lipid supplementation affected tear evaporation dynamics significantly. This finding 

is illustrated in Figure 4-12, which depicts the change in TER before and after lipid drop 

instillation. 

 

Figure 4-12: Bar graph illustrating the change in mean Ñ SD TER before and after lipid drop 

instillation (n=23). A statistically significant increase in TER was observed post-instillation 

(paired t-test, p = 0.019). 
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4.3.3.5 Correlation Analysis of Tear Film Parameter Changes 

To explore potential relationships between LLT, NITBUT, and TER, a Pearson correlation analysis 

was conducted on the observed changes in these parameters following lipid drop instillation. The 

results are summarized in Table 4-14. 

Table 4-14: Correlation analysis of changes in LLT, NITBUT, and TER 

Variables Compared Correlation Coefficient (r) p-value 

LLT Change ź NITBUT First Change 0 1 

LLT Change ź NITBUT Average Change 0.04 0.857 

LLT Change ź TER Change 0.18 0.382 

NITBUT First Change ź NITBUT Average Change 0.94 <0.001 

NITBUT First Change ź TER Change 0.28 0.173 

NITBUT Average Change ź TER Change 0.3 0.145 

 

The correlation analysis revealed several key findings: 

π No significant correlation was found between LLT and NITBUT or TER. 

π A strong correlation was observed between NITBUT First and Average Measurements (r = 

0.940, p < 0.001). 

π Weak to moderate correlations were found between NITBUT and TER changes but were not 

statistically significant. 

π  Changes in NITBUT First and TER (r = 0.28, p = 0.173) and NITBUT Average and TER (r = 

0.30, p = 0.145) suggest a potential relationship between tear film stability and tear 

evaporation, but the lack of statistical significance indicates variability among participants. 
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To illustrate these findings, the Figure 4-13 presents a pairwise scatter plot with trend lines, 

visually representing the correlation relationships between LLT, NITBUT, and TER. 

 

Figure 4-13: Pairwise scatter plots with regression lines showing relationships among changes in 

LLT, first and average NITBUT, and TER following lipid eye drop instillation (n = 23). Pearson 

correlation coefficients revealed no statistically significant relationships among LLT, NITBUT, 

and TER changes. Only the relationship between NITBUT first and average changes was 

significant (r = 0.94, p < 0.001). Shaded areas represent 95% confidence intervals. 
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4.3.3.6 Analysis of the Effect of PAS and VIG on TER 

Previous research has reported that TER is influenced by various anatomical and environmental 

factors. Two potential anatomical contributors are: 

PAS: The exposed ocular surface area affects how much of the tear film is exposed to evaporation. 

A larger PAS may result in higher ERs, while a smaller PAS could provide more protection against 

moisture loss. 

VIG: The internal volume of the evaporimeter goggle chamber influences airflow and RH 

conditions inside the chamber, which could theoretically impact TER measurements. 

To assess the potential influence of PAS and VIG on TER dynamics following lipid drop 

instillation, Pearson correlation analyses were conducted between PAS, VIG, and TER change, 

where TER change was defined as the difference between post-instillation and pre-instillation TER 

values. The results are presented in Table 4-15. 

Table 4-15: Correlation analysis between PAS, VIG, and TER change. (TER change = post-

instillation TER ï pre-instillation TER). 

Variable Correlation with TER Change (r) P Value 

PAS 0.150 0.474 

VIG -0.021 0.921 

 

Findings from the correlation analysis revealed that PAS showed a very weak positive correlation 

with TER change (r = 0.150), suggesting that a larger exposed ocular surface area may only slightly 

increase TER. In contrast, VIG demonstrated a near-zero correlation with TER change (r = -0.021), 

indicating that the goggle volume inside the evaporimeter had no significant effect on evaporation 

measurements. (TER change refers to the difference between post- and pre-instillation values). 

Overall, these results suggest that PAS may play a minor role in influencing TER, whereas VIG 
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does not appear to impact tear evaporation. To further illustrate the relationships between PAS, 

VIG, and TER, Figure 4-14 presents scatter plots with regression lines. 

 

Figure 4-14: Scatter plots with regression lines illustrating the relationship between TER change 

and PAS and VIG (n = 23). Pearson correlation analysis showed a weak positive correlation 

between PAS and TER change (r = 0.150), and no meaningful correlation between VIG and TER 

change (r = -0.021). Shaded regions represent 95% confidence intervals; neither relationship was 

statistically significant. (TER change = post-instillation TER ï pre-instillation TER). 

 

4.3.3.7 Intraclass Correlation Coefficient (ICC) for TER Validity 

To evaluate the reliability of the evaporimeter in measuring TER, an ICC analysis was conducted. 

ICC is used to assess the consistency of repeated measurements and determine how much of the 

variation in the data is due to true differences between subjects versus measurement error. In this 

study, TER values obtained before and after lipid drop instillation were treated as repeated 

measures. Although the physiological state differed slightly between the two time points, the same 

device, conditions, and measurement protocol were used, making ICC a suitable method for 

assessing the toolôs stability. 
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The strength of ICC lies in its ability to show whether the device consistently captures differences 

between individuals across sessions. It provides more than just a comparison of means; it indicates 

whether the instrument ranks or measures participants in a reliable and repeatable way. A two-way 

random effects model with absolute agreement (ICC (2,1)) was used, following the guidance of 

Koo and Li241 The resulting ICC value of 0.84 reflects excellent reliability, supporting the 

conclusion that the evaporimeter can consistently measure TER across conditions and is a 

dependable tool for studying tear film evaporation. Although the ICC suggests good consistency, 

it should not be interpreted as a strict repeatability analysis, as the post-instillation state introduced 

significant physiological changes. The result therefore reflects reliability under similar, but not 

identical, conditions. 

4.3.3.8 Analysis of Baseline LLT Influence on Tear Film Parameters 

The lipid layer of the tear film plays a crucial role in reducing tear evaporation and maintaining 

tear film stability. Individuals with thinner baseline lipid layers may experience higher TER, 

potentially leading to more significant changes in tear film parameters following lipid drop 

instillation. Conversely, individuals with thicker baseline lipid layers may have more stable tear 

films that are less affected by lipid supplementation. 

To assess the potential impact of baseline LLT on tear film responses, participants were categorized 

into two groups: 

¶ Low LLT Group: Participants whose baseline LLT was below the median LLT value. 

¶ High LLT Group: Participants whose baseline LLT was equal to or above the median LLT 

value. 

This classification allowed the investigation of whether participants with different baseline LLT 

levels responded differently to lipid drop instillation, particularly in LLT, NITBUT, and TER 
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change. The median LLT value before lipid drop instillation was calculated as 53.0 nm, and this 

threshold was used to categorize participants into two groups. Those with baseline LLT values 

below 53.0 nm were assigned to the Low LLT Group (n = 11), while those with values equal to or 

greater than 53.0 nm were assigned to the High LLT Group (n = 14). The difference in group sizes 

occurred because several participants had baseline LLT values exactly equal to the median (53.0 

nm), resulting in their inclusion in the High LLT group and thus slightly unequal group sizes. 

Table 4-16 summarizes the classification of participants into Low and High LLT groups based on 

their baseline LLT. 

Table 4-16: LLT Group distribution based on baseline LLT measurements. 

LLT Group LLT Threshold (nm) Number of Participants (n) LLT Range (nm) 

Low LLT < 53.0 nm 11 33.0 - 51.0 

High LLT Ó 53.0 nm 14 54.0 - 100.0 

 

The descriptive statistics (Median Ñ IQR for LLT changes; Mean Ñ SD for NITBUT and TER 

changes) for the Low LLT and High LLT groups are summarized in Table 4-17. These statistics 

provide a comparison of how tear film parameters changed before and after lipid drop instillation 

in each LLT group. The median and IQR are reported for LLT due to its non-normal distribution, 

while mean and SD values are reported for NITBUT and TER, as these variables showed normal 

distribution. 
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Table 4-17: Descriptive statistics of tear film parameter changes in low LLT and high LLT 

groups. 

LLT 

Group 

LLT Change (nm)  

NITBUT First 

Change (sec) 

(Mean Ñ SD) 

NITBUT Average 

Change (sec) 

(Mean Ñ SD) 

TER Change 

(g/mĮ/hr) 

(Mean Ñ SD) 

Low LLT 

Median:47.0  

(IQR: 35.0 ï49.5) 

-1.26 Ñ 5.70 0.44 Ñ 3.94 0.03 Ñ 0.05 

High LLT 

Median:22.5  

(IQR: 7.0 ï41.25) 

-3.23 Ñ 5.14 -1.73 Ñ 4.42 0.03 Ñ 0.08 

 

To determine whether LLT, NITBUT, and TER significantly changed after lipid drop instillation, 

a Wilcoxon signed-rank test was conducted for LLT due to non-normal distribution, and paired t-

tests were used for NITBUT and TER. These analyses were performed separately for the Low LLT 

and High LLT groups, as shown in Table 4-18. 
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Table 4-18: Wilcoxon signed-rank (LLT) and paired t-test (NITBUT, TER) comparisons of tear 

film parameters before and after lipid drop instillation in Low LLT and High LLT groups. 

Parameter Statistical Test Test Statistic p-value 

LLT (nm) 

Low LLT 
Wilcoxon Signed-

Rank 
Z = 0.00 0.001 

High LLT 
Wilcoxon Signed-

Rank 
Z = 0.00 0.001 

      NITBUT (sec) 

First Measurement 

Low LLT Paired-sample t-test t (10) = -0.71 0.496 

High LLT Paired-sample t-test t (13) = -2.35 0.035 

Average Measurement 

Low LLT Paired-sample t-test t (10) = 0.37 0.718 

High LLT Paired-sample t-test t (13) = -1.46 0.167 

TER (g/mĮ/hr) 

Low LLT Paired-sample t-test t (10) = 0.65 0.530 

High LLT Paired-sample t-test t (13) = 1.50 0.157 

 

As shown in the graph above, Wilcoxon signed-rank test results revealed that LLT significantly 

increased after lipid drop instillation in both the Low LLT group (p = 0.001) and the High LLT 

group (p = 0.001). A significant decrease in NITBUT First measurement was observed only in the 

High LLT group (paired t-test, p = 0.035), but no significant change was found in the Low LLT 

group. No significant changes were observed for NITBUT Average or TER in either group 

following lipid drop instillation. 

To explore potential relationships between LLT, NITBUT, and TER changes within each LLT 

group, correlation analyses were performed separately for the Low LLT and High LLT groups. 

These correlations are presented in Figure 4-15. 
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Figure 4-15: Correlation heatmaps for Low LLT (left, n = 11) and High LLT (right, n = 14) 

groups, illustrating relationships among changes (postïpre) in LLT, NITBUT First, NITBUT 

Average, and TER following lipid eye drop instillation. Strong correlations (r > 0.92) were 

observed only between NITBUT First and NITBUT Average in both groups. Correlations 

involving LLT and TER were weak and not statistically significant. 

 

The correlation analysis revealed distinct patterns between the Low and High LLT groups. In the 

Low LLT group, LLT changes showed strong and significant negative correlations with NITBUT 

First Change (Spearman r = -0.74, p = 0.009) and NITBUT Average Change (Spearman r = -0.69, 

p = 0.018), suggesting that increased LLT was associated with reduced tear film stability in 

participants with initially thinner lipid layers. In contrast, the High LLT group exhibited weak and 

non-significant correlations between LLT changes and both NITBUT First (Spearman r = 0.23, p 

= 0.422) and NITBUT Average Change (Spearman r = 0.25, p = 0.396), indicating little to no 

association between LLT increases and tear stability in individuals with thicker baseline lipid 

layers. 

TER changes showed weak correlations with LLT, NITBUT First, and NITBUT Average in both 

groups, none reaching statistical significance. However, strong and significant correlations were 

consistently observed between NITBUT First and NITBUT Average changes within both the Low 
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LLT group (Pearson r = 0.93, p < 0.001) and the High LLT group (Pearson r = 0.97, p < 0.001), 

reinforcing the reliability of these two measures in assessing tear film stability. 

4.3.3.9 Analysis of RH Influence on Tear Film Parameters 

Environmental factors, particularly RH, play a crucial role in influencing TER and overall tear 

film stability. Previous research has demonstrated that lower RH levels contribute to increased 

TER, exacerbating symptoms of EDE. Conversely, higher RH levels may reduce TER and enhance 

tear film stability. 

To assess the potential impact of RH on LLT, NITBUT, and TER, participants were categorized 

into two groups based on their ambient RH levels during testing: 

¶ Low RH Group: Participants whose ambient RH was below the median RH value. 

¶ High RH Group: Participants whose ambient RH was equal to or above the median RH 

value. 

This classification allowed the investigation of whether baseline RH influenced the response to 

lipid drop instillation, and whether tear film parameters responded differently under different 

environmental RH conditions. 

The median RH before lipid drop instillation was calculated as 53.42%, and this value was used 

as the threshold for categorizing participants into two groups. Participants with RH(Ave) values 

below 53.42% were assigned to the Low RH Group (n = 12), while those with RH(Ave) values 

equal to or above this threshold were assigned to the High RH Group (n = 13). 

Table 4-19 summarizes the classification of participants into Low and High RH groups based on 

the median ambient RH measured prior to lipid drop instillation as well as during the experiment. 
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Table 4-19: RH group distribution based on baseline ambient relative humidity measurements. 

RH Group RH Threshold (%) Number of Participants (n) RH Range (%) 

Low RH < 53.42% 12 21.17 - 52.92 

High RH Ó 53.42% 13 53.42 - 63.33 

 

The descriptive statistics (Median Ñ IQR for LLT changes; Mean Ñ SD for NITBUT and TER 

changes) for the Low RH and High RH groups are summarized in Table 4-20. These statistics 

provide a comparison of how tear film parameters changed before and after lipid drop instillation 

under different baseline RH conditions. Median and IQR are reported for LLT due to its non-

normal distribution, while mean Ñ SD values are reported for NITBUT and TER, as these variables 

showed normal distribution. 

Table 4-20: Descriptive statistics of tear film parameter changes in low RH and high RH groups. 

RH 

Group 

LLT Change (nm)  

NITBUT First 

Change (sec)  

(Mean Ñ SD) 

NITBUT Average 

Change (sec)  

(Mean Ñ SD) 

TER Change 

(g/mĮ/hr)  

(Mean Ñ SD) 

Low RH 

Median:30.0  

(IQR: 15.25 ï46.50) 

-2.96 Ñ 6.29 -2.06 Ñ 5.20 0.02 Ñ 0.06 

High RH 

Median:24.0  

(IQR: 18.0 ï44.0) 

-1.81 Ñ 4.75 0.41 Ñ 2.93 0.04 Ñ 0.07 

 

To determine whether LLT, NITBUT, and TER significantly changed after lipid drop instillation, 

a Wilcoxon signed-rank test was conducted for LLT (due to its non-normal distribution), while 

paired t-tests were used for NITBUT and TER. These analyses were performed separately within 

the Low RH and High RH groups, as shown in Table 4-21. 
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Table 4-21: Wilcoxon signed-rank (LLT) and paired t-test (NITBUT, TER) comparisons of tear 

film parameters before and after lipid drop instillation in Low RH and High RH groups. 

Parameter Statistical Test Test Statistic p-value 

LLT (nm) 

Low RH Wilcoxon Signed-Rank Z = 0.00 0.0005 

High RH Wilcoxon Signed-Rank Z = 0.00 0.0022 

      NITBUT (sec) 

First Measurement 

Low RH Paired-sample t-test t (11) = -1.63 0.131 

High RH Paired-sample t-test t (12) = -1.37 0.196 

Average Measurement 

Low RH Paired-sample t-test t (11) = -1.37 0.197 

High RH Paired-sample t-test t (12) = 0.51 0.620 

TER (g/mĮ/hr) 

Low RH Paired-sample t-test t (11) = 0.31 0.765 

High RH Paired-sample t-test t (12) = 1.86 0.088 

 

Wilcoxon signed-rank tests indicated that LLT significantly increased after lipid drop instillation 

in both the Low RH group (p = 0.0005) and the High RH group (p = 0.0022). However, paired t-

tests revealed no significant changes in NITBUT First, NITBUT Average, or TER parameters in 

either RH group. These results suggest that lipid supplementation consistently enhanced LLT 

regardless of ambient RH but did not significantly affect tear film stability or evaporation rate 

within the short-term observation window. 

To explore relationships among LLT, NITBUT, and TER changes within each RH group, 

correlation analyses were conducted separately for Low RH and High RH groups, with results 

presented in Figure 4-16. 
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Figure 4-16: Correlation heatmaps for Low RH (left, n = 12) and High RH (right, n = 13) groups, 

illustrating relationships among LLT change, NITBUT (first and average) change, and TER 

change following lipid drop instillation. LLT correlations (Spearmanôs rank) with other 

parameters were weak and non-significant in both groups. Strong positive Pearson correlations 

were observed only between NITBUT First and Average changes (r Ó 0.93, p < 0.001) in both 

RH groups. 

 

The correlation analysis revealed weak and non-significant correlations between LLT changes and 

both NITBUT First and Average changes in both Low RH (r = -0.24 and r = -0.23, respectively) 

and High RH groups (r = 0.05 and r = 0.19, respectively). Similarly, LLT change showed weak 

and non-significant correlations with TER change in both groups (Low RH: r = -0.15, High RH: r 

= -0.03). These results suggest limited association between LLT improvements and changes in tear 

film stability or evaporation rate, regardless of RH conditions. 

Strong and significant positive correlations were clearly observed between NITBUT First and 

NITBUT Average changes in both the Low RH (r = 0.98) and High RH groups (r = 0.93), 

highlighting the consistency between these two measures of tear film stability. However, 

correlations involving TER with NITBUT First or Average remained weak and not statistically 

significant in both RH groups. 
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4.3.4 Discussion 

This study evaluated the impact of lipid-based eye drop instillation (Systane CompleteÈ) on tear 

film dynamics, specifically focusing on LLT, NITBUT, and TER, under physiological conditions. 

The findings demonstrated that lipid eye drop instillation significantly increased LLT, clearly 

indicating an enhancement of the lipid layer. While increased LLT is typically expected to improve 

tear film stability, this study did not find statistically significant improvements in tear film stability 

(as measured by NITBUT) or reductions in evaporation rate (TER). This aligns partially with 

previous research suggesting lipid supplementation reinforces the lipid barrier, though the current 

findings indicate that improved LLT alone may not translate immediately into measurable 

improvements in stability or reduced evaporation within the short measurement period used in this 

study.  

Interestingly, despite the significant improvement in LLT post-instillation, the first measurement 

of NITBUT significantly decreased, while the average NITBUT did not significantly change. This 

contradictory outcome could be attributed to immediate disturbances in tear film equilibrium 

following drop instillation, as transient destabilization or redistribution of tear film components 

might occur before lipid integration stabilizes the surface.175,179 This emphasizes the complexity 

of the tear film response immediately following supplementation. 

Notably, the study identified a significant increase in TER post-drop, contrary to expectations. 

Typically, increased LLT should reduce TER by forming a more effective barrier against 

evaporation.30,200 However, sub-group analysis revealed that participants with a lower baseline 

LLT exhibited a more pronounced increase in LLT following lipid supplementation, while those 

with higher baseline LLT showed a less substantial gain. Notably, because the LipiView II device 

measures LLT only up to a maximum of 100 nm, some participants, especially those already close 



 138 

to this upper limit, couldnôt accurately show further increases after lipid drop instillation. Using 

the Wilcoxon signed-rank test and reporting medians instead of means helped reduce the impact 

of this measurement ceiling. This statistical approach makes our results less influenced by extreme 

values or the deviceôs limitations, providing a more accurate comparison of LLT changes between 

groups. Despite these differences, both groups exhibited comparable increases in TER, suggesting 

that lipid layer enhancement alone may not be sufficient to reduce tear evaporation in the short 

term (5 minutes), potentially due to transient instability or changes in lipid layer spreading 

dynamics.207,242 

Beyond LLT, NITBUT, and TER, an emerging factor in evaluating tear film dynamics is OST. 

OST reflects the balance between tear film cooling due to evaporation and heat retention from 

ocular perfusion.35,37 While OST was not directly measured in this study, future research will 

incorporate IRT to assess the interplay between lipid supplementation and OST fluctuations. Given 

that OST has been shown to correlate with TER and stability, its inclusion could provide a more 

comprehensive understanding of tear film dynamics and improve the precision of EDE 

assessment.190,242 

4.3.5 Limitations and Future Directions 

This study's primary limitation was the immediate post-instillation measurement window (5 

minutes after drop instillation), which might not capture the prolonged effects of lipid 

supplementation adequately and be affected by short destabilisation of the tear film due to the drop 

instillation. Future research should incorporate longer follow-up intervals to evaluate sustained 

changes in tear film dynamics. 

Another limitation involved environmental and anatomical factors, such as ambient RH and ocular 

surface area (PAS), which might have influenced TER measurements. Although this study 
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controlled and assessed these variables, future research could employ a wider range of 

environmental conditions to better represent real-world variability. Additionally, PAS was 

measured outside the goggle, and while the goggle was designed not to compress the eyelids, subtle 

changes in palpebral aperture size once the goggle was applied cannot be fully ruled out. 

An additional limitation pertains to the LipiView IIÈ device, which can only measure LLT up to 

100 nm. This ceiling effect may have contributed to the observed greater LLT increase in 

participants who initially had lower LLT values, as those with higher baseline LLT may have 

reached the device's measurement limit. Future studies should consider alternative or 

supplementary methods for LLT measurement to ensure accurate tracking of lipid layer changes 

beyond this threshold. 

The final sample size (n = 25) was also smaller than initially planned. A power calculation 

suggested a target of 54 participants, but recruitment was paused after 25 when interim analysis 

showed that a 5-minute observation period might not be sufficient. This led to a protocol revision, 

including the integration of OST measurement using the ThermOcular camera. This method was 

developed after the Phase I study and applied in the revised Phase II design. However, the smaller 

sample size remains a limitation and may have reduced the statistical power to detect subtler 

differences. 

The sex distribution of the study sample was also imbalanced (17 males, 8 females), which does 

not reflect the typical sex distribution seen in DED, where prevalence is generally higher in 

females.120ï122 This imbalance may have influenced the results, as sex-related differences in tear 

film physiology and response to lipid supplementation have been reported. Future studies should 

aim for a more representative distribution to improve generalizability. 
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Further investigation with diverse lipid formulations could elucidate whether specific lipid 

compositions or concentration differentially influence tear evaporation dynamics, potentially 

identifying optimal treatments for different sub-types of DEDs.  

Additionally, integrating OST measurement into future studies will allow for a more detailed 

characterization of the thermal stability of the tear film and its response to lipid supplementation. 

4.3.6 Conclusion 

This study demonstrates for the first time that lipid-based eye drop instillation significantly 

enhances LLT yet paradoxically causes an immediate increase in TER, contrary to traditional 

expectations. A unique contribution of this work was the subgroup analysis, revealing that 

participants with thinner baseline lipid layers experienced greater LLT improvements, yet still 

showed increased evaporation rates. Another novel aspect was assessing how environmental 

factors such as RH influenced immediate tear film responses, showing distinct patterns in tear 

dynamics under different ambient conditions. These findings reveal previously underappreciated 

complexities in the immediate tear film response to lipid supplementation. Future research 

incorporating OST measurements with infrared thermography will build upon these novel insights, 

providing a more comprehensive and innovative framework for evaluating tear film stability and 

evaporative dynamics in dry eye management. 
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4.4 Optimizing Measurement Parameters for OST Assessment Using 

ResearchIR Software 

4.4.1 Overview  

The measurement of OST has been an essential tool in ocular diagnostics, offering valuable 

insights into tear film stability, ocular surface health, and disease pathophysiology.186,198,210 

Advances in IRT facilitated non-contact, high-resolution assessment of OST, allowing for precise 

spatial and temporal analysis of temperature variations across different ocular surface 

ROIs.33,186,243 However, a lack of standardized protocols introduced variability across studies, 

limiting the reproducibility and clinical applicability of OST measurement.30,176,185 

IRT enables real-time, non-invasive measurement of OST fluctuations, which are influenced by 

factors, such as tear film stability, blink rate, and environmental conditions.33,186,244 The interblink 

interval (IBI), defined as the duration between consecutive blinks, plays a key role in OST 

dynamics because it is directly linked to evaporation-driven cooling of the ocular surface.30,245 

Faster tear evaporation produces a steeper temperature decline, and this drop in OST can stimulate 

the cold-sensitive corneal nerves that trigger the blink reflex.30,198 In this way, higher cooling rates 

are associated with shorter IBIs. Conversely, when the IBI is longer, the OST profile reflects both 

the rapid early cooling phase and the slower plateau phase, so the average cooling rate across the 

interval appears lower. This concept is illustrated in Figure 4-17, which compares temperature 

profiles for short and long IBIs under idealized conditions. Additionally, temperature variations 

exist across different ocular regions, with the sclera generally exhibiting higher temperatures than 

the cornea due to differences in vascularization and tear film distribution.31,188,194,246,247 
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Figure 4-17: Simulated OST cooling profiles following a blink during short (5 sec) and long (15 

sec) IBIs. 

 

Despite prior efforts to establish robust OST measurement techniques, inconsistencies remain 

regarding optimal IBIs, ideal measurement locations, and the number of required measurements 

for reliable data.176,185,248 In this context, the term ñoptimalò specifically refers to identifying 

measurement conditions, such as IBIs, anatomical locations, and measurement repetitions, that 

provide the greatest repeatability and lowest variability for detecting clinically meaningful changes 

in ocular surface temperature. High-resolution IR cameras, such as the Teledyne FLIR IR A655sc 

(FLIR Systems, Wilsonville, OR, USA), provide enhanced thermal mapping capabilities, 

improving precision and repeatability.243,249 The ResearchIR software (FLIR Systems, Wilsonville, 

OR, USA, v.4.40) provides enhanced data acquisition through automated ROI selection and real-
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time temperature analysis.248 However, determining the most effective parameters for OST 

measurement remains a challenge.185 

This study aimed to optimize OST measurement protocols by systematically evaluating key 

variables, including: 

π Temperature metric selection: Comparing the rate of temperature change (RTC) versus 

absolute temperature change (ȹT) to determine the most proper OST measurement 

approach.210,248 

π Interblink interval: Identifying the optimal IBI for detecting meaningful OST changes while 

maintaining subject comfort.30,185,198 

π Measurement locations: Assessing temperature variations across multiple ocular surface 

regions to determine the most stable and representative sites.31,188,194,246,247 

π Average vs. single measurements: Investigating whether multiple measurements 

significantly enhance the reliability of OST data compared to single-point assessments.200 

By addressing these methodological concerns, this study aimed to refine OST measurement 

protocols and improve standardization for both clinical and research applications.185,248 The 

findings will enhance the reproducibility of OST assessment, facilitating its integration into routine 

ophthalmic evaluations and advancing its utility in diagnosing and monitoring ocular surface 

disorders.185,198,248 

4.4.2 Materials and Methods 

4.4.2.1 Subjects and Ethical Approval 

This study received ethics clearance through a University of Waterloo Research Ethics Board 

(REB #46626). The study adhered to the tenets of the Declaration of Helsinki. 
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Seven healthy adult participants (4 males, 3 females, mean age: 32.9 Ñ 11.7 years) were recruited 

following a structured eligibility assessment. Inclusion criteria required participants to be 18 years 

or older, have no known active ocular disease or infections, be able to keep their eyes open for at 

least 10 seconds, and be willing to comply with the study protocol, including refraining from 

wearing contact lenses on the day of the visit. Participants were excluded if they had any ocular 

pathology, recent ocular infections, or were unable to follow the study procedures. Prior to 

participation, all subjects provided written informed consent, confirming their understanding of 

the studyôs purpose, procedures, potential risks, and data confidentiality. Given the methodological 

focus of the study, a small sample size was deemed appropriate for protocol refinement, as 

supported by guidelines for pilot and feasibility studies.250,251 

4.4.2.2 Instrumentation 

OST measurements were conducted using the ThermOcular dual-camera system, which included 

an IR camera for thermal imaging and a FLIR BFS 51S5C-C visible (VIS) camera for alignment 

and tracking (Section 3-2 on Methodology chapter). The camera system was mounted on a 

modified slit-lamp biomicroscope to ensure precise positioning and measurement consistency. The 

FLIR ResearchIR software was used for image acquisition and analysis. 

The detailed specifications of all equipment used in this experiment, including camera resolution, 

sensitivity, and software settings, is reported in the Methodology Chapter. 

4.4.2.3 Experimental Procedure 

To minimize external variability, ambient conditions were carefully monitored throughout data 

collection. The average ambient temperature was 22.73 Ñ 0.65ÁC, and RH was 55.4 Ñ 3.4%. 

Measurements were performed under dim room lighting to reduce corneal reflection artifacts in 

OST measurements. 
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Subjects were positioned with their forehead and chin stabilized in a headrest, and a fixation target 

was used to maintain gaze stability during the experiment. 

Subjects followed a structured blinking task, where they were instructed to blink six times at 

predetermined IBIs. The IBIs tested were 2, 4, 6, 8, and 10 seconds. A 2-minute rest period was 

given between each set to allow the tear film to reset. A metronome-generated auditory cue was 

used to standardize the blinking intervals across subjects. The blinking protocol is detailed in Table 

4-22. 

Table 4-22: Blinking protocol with predefined IBIs and rest periods for OST measurement. 

Step Task Total Duration 

1 Blink 6 times every 2 seconds 12 sec 

2 Rest (blink normally) 2 min 

3 Blink 6 times every 4 seconds 24 sec 

4 Rest (blink normally) 2 min 

5 Blink 6 times every 6 seconds 36 sec 

6 Rest (blink normally) 2 min 

7 Blink 6 times every 8 seconds 48 sec 

8 Rest (blink normally) 2 min 

9 Blink 6 times every 10 seconds 60 sec 
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4.4.2.4 OST Measurement and Data Acquisition 

4.4.2.4.1 Measurement Locations 

OST was recorded from a single pixel at eight distinct ocular surface locations, including the 

superior, temporal, inferior, nasal, and central regions of the cornea, as well as a circular central 

region with a 2 cm diameter representing the average OST over a defined area. Measurements 

were also taken from single pixel locations on the temporal and nasal sclera. Figure 4-18 illustrates 

the eight ocular surface locations where OST measurements were recorded. Regions 1 through 5 

correspond to the superior, temporal, inferior, nasal, and central corneal locations, respectively. 

Region 6 represents a circular central area used for averaging OST across the cornea, while regions 

7 and 8 indicate the nasal and temporal scleral locations. These specific locations were consistently 

tracked throughout the measurement periods (12, 24, 36, 48, and 60 seconds), clearly capturing 

temperature changes at each site over time. 
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Figure 4-18: OST measurement locations: Superior Cornea (1), Temporal Cornea (2), Inferior 

Cornea (3), Nasal Cornea (4), and Central Cornea (5); Circular Central Region (average OST 

over a defined area of a circle with a 2 cm diameter) (6); Temporal Sclera (7), and Nasal Sclera 

(8) (Image created by the author). 

 

4.4.2.4.2 Standardization of Measurement Locations 

To ensure consistent and standardized ROI placement across all participants, a clear overlay 

template was used to align the corneal center at a uniform location by referencing the canthus of 

the eye. This method ensures that measurements across different individuals remain comparable 

by maintaining consistent distance measurements between the corneal center and peripheral ROIs, 

reducing variability and improving reproducibility in data collection. The overlay was manually 

adjusted using visible anatomical landmarks to ensure precision in temperature mapping (Figure 

4-19). 

NOSE 
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Figure 4-19: Standardized ROI selection using a clear overlay template to ensure consistent 

placement across participants. The corneal ROIs (red markers) were aligned at a uniform 

location by referencing the canthus of the eye, while the scleral ROIs (yellow markers) were 

positioned at fixed distances from the corneal center (Image created by the author). 

 

4.4.2.5 Statistical Analysis 

All statistical analyses were conducted using SPSS (IBM Corp., Armonk, NY, USA). 

To compare temperature metrics, both RTC and absolute temperature change (ȹT) were initially 

analyzed across IBI conditions using one-way repeated measures ANOVA. Normality was 

assessed using the Shapiro-Wilk test. 

Analyses were conducted to evaluate the effects of IBI, ocular surface location, and measurement 

strategies on OST, with RTC used as the primary outcome variable. Post-hoc comparisons between 

IBIs were conducted using the HSD test, which is appropriate for parametric datasets meeting 

normality assumptions. 
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To investigate the effect of ocular surface location, a repeated measures ANOVA was used to 

compare RTC values across corneal cursor locations. For comparisons involving scleral locations, 

where normality assumptions were violated, the Wilcoxon signed-rank test was used as a non-

parametric alternative. 

Pearson correlation analysis was conducted to assess RTC consistency across cursor locations, 

with heatmaps used for visual representation of intra-corneal and corneal-scleral relationships 

across different IBIs. 

Measurement reliability was evaluated using ICC, which were calculated for both single cursor 

locations and averaged cursor combinations. Additional ICC analyses were performed to assess 

the effect of averaging across multiple interblink sequences. 

Non-parametric tests, including the Friedman and Kruskal-Wallis tests, were used in cases where 

normality or sphericity assumptions were violated. All statistical tests were two-tailed, and 

significance was determined at an alpha level of 0.05. 

4.4.3 Results 

4.4.3.1 Effect of IBI on OST Measurement 

To investigate the impact of IBI on OST, temperature data from Location 5 (central cornea) only 

were used as a representative site. The following temperature metrics were analyzed: 

- ȹT (absolute temperature change) ï calculated as the difference between the OST measured 

immediately after eye opening (start point) and the last measurement immediately before eyelid 

closure (end point), representing the total decrease in OST during each IBI.  

- RTC (rate of temperature change) ï calculated by exporting temperature data to Excel and 

determining the slope of the temperature decrease from the first measurement immediately after 



 150 

eye opening to the last measurement immediately before eyelid closure, representing the cooling 

rate during each IBI. 

Table 4-23 presents the Mean Ñ SD of RTC and ȹT at different IBIs for Cursor 5. 

Table 4-23: Mean RTC and ȹT (Ñ SD) at the center of the cornea for different IBIs. 

 2 sec 4 sec 6 sec 8 sec 10 sec 

Mean RTC Ñ SD 

( ̄C/S) 

-0.15 Ñ 0.07 -0.04 Ñ 0.04 -0.05 Ñ 0.04 -0.03 Ñ 0.01 -0.02 Ñ 0.01 

Mean ȹT Ñ SD 

(̄C) 

-0.32 Ñ 0.16 -0.22 Ñ 0.17 -0.31 Ñ 0.19 -0.33 Ñ 0.17 -0.21 Ñ 0.19 

 

Considering the Table above, RTC and ȹT showed systematic changes across IBIs, suggesting 

potential effects of IBI on temperature dynamics. Also, the standard deviations indicated 

substantial variability, particularly at shorter IBIs. 

The Shapiro-Wilk normality test was conducted to assess whether RTC and ȹT follow a normal 

distribution. Table 4-24 presents the test results. 

Table 4-24: Normality test results (Shapiro-Wilk test) for RTC and ȹT. 

IBI Shapiro W RTC P value RTC Shapiro W ȹT P value ȹT 

2 sec 0.97 0.905 0.76 0.017 

4 sec 0.84 0.097 0.96 0.854 

6 sec 0.87 0.201 0.70 0.307 

8 sec 0.94 0.655 0.93 0.557 

10 sec 0.94 0.593 0.96 0.824 
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Mean RTC was normally distributed for all IBIs. Mean ȹT, on the other hand, was not normally 

distributed for IBI = 2 sec, but was normally distributed for the rest. A Repeated Measures ANOVA 

test was performed to assess the effect of IBI on RTC and ȹT. The results are summarized in Table 

4-25. 

Table 4-25: Repeated measures ANOVA results for RTC and ȹT. 

Metric Repeated Measures ANOVA F (4,24) p-value 

RTC 12.88 < 0.001 

ȹT 1.10 0.378 

 

Since p < 0.05, the effect of IBI on RTC is statistically significant. However, this pattern should 

be interpreted with caution: the apparent differences in RTC at shorter versus longer IBIs arise 

from the cooling profile itself. Most of the temperature drop occurs in the first few seconds after a 

blink, followed by a plateau phase. At short IBIs, the average RTC captures mainly this steep early 

decline, while at longer IBIs, the average includes both the early steep drop and the later plateau, 

which lowers the mean rate. In contrast, ȹT remained relatively stable across IBIs, indicating that 

absolute temperature change does not reflect these profile-related differences. Thus, the IBI does 

not mechanistically dictate RTC; rather, the observed variation reflects the kinetics of ocular 

surface cooling. For this reason, RTC was still chosen as the primary outcome measure, as it 

provides a more dynamic representation of the cooling process than ȹT. 

To assess whether RTC values significantly differed between different IBIs, a post-hoc analysis 

was used to determine which IBIs significantly differed from each other. Among various post-hoc 

tests, HSD test was selected. This test was chosen because it effectively controls Type I error while 

allowing multiple pairwise comparisons without being overly conservative. Also, since the 



 152 

Shapiro-Wilk test confirmed that RTC was mostly normally distributed, Tukeyôs HSD was 

appropriate for this parametric dataset. The results are presented in Table 4-26. 

Table 4-26: Tukeyôs HSD results for RTC 

IBI 1 (sec) IBI 2 (sec) Mean diff p-adj lower upper 

2 4 0.11 0.0004 0.04 0.17 

2 6 0.10 0.0015 0.03 0.16 

2 8 0.12 0.0001 0.05 0.18 

2 10 0.13 < 0.001 0.07 0.20 

4 6 -0.01 0.9861 -0.08 0.05 

4 8 0.01 0.9856 -0.05 0.08 

4 10 0.02 0.8343 -0.04 0.09 

6 8 0.02 0.8451 -0.04 0.09 

6 10 0.04 0.541 -0.03 0.10 

8 10 0.01 0.9836 -0.05 0.08 

 

The findings indicate that RTC increased significantly as IBI lengthens, particularly when 

comparing short IBIs (2 sec) with longer IBIs (4 sec, 6 sec, 8 sec, and 10 sec). This suggests that 

the rate of change in OST stabilizes as the eye remains open longer before blinking. 

Figure 4-20 illustrates the different RTCs across IBIs with Mean Ñ SD. 
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Figure 4-20: RTC across interblink intervals (n = 7), shown as mean Ñ SD for Location 5 

(Central Cornea). Significant differences were found across intervals (p < 0.001, repeated-

measures ANOVA), with 2 sec showing the steepest decline. Error shading represents SD; 2 sec 

differed significantly from all longer intervals.  

 

The correlation analysis shows a strong negative relationship between IBI and RTC (r = -0.64, p < 

0.001), indicating that as IBI increases, RTC decreases. This means that with longer IBIs, the 

temperature change on the ocular surface becomes smaller, suggesting that the cooling rate 

stabilizes over time. This relationship is visualized in Figure 4-21, which presents the correlation 

between IBI and RTC at the central corneal location (Cursor 5). 
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Figure 4-21: Scatter plot of RTC vs. IBI (n = 7) for Location 5 (Central Cornea). A significant 

negative correlation was observed (r = ï0.64, p < 0.001), indicating that longer IBIs are 

associated with slower cooling. Shaded area shows 95% CI. 

 

To further illustrate how IBI influences OST over time, Figure 4-22 illustrates the real-time OST 

changes for different IBIs (2, 4, 6, 8, and 10 seconds) at the center of the cornea (Cursor 5) for one 

individual. Each line represents actual temperature data from a single representative measurement, 

showing how OST changes dynamically over each interblink interval. The variations and 

oscillations within these traces may result from single-pixel measurement noise, subtle eye 

movements, or changes in tear film distribution occurring over the interblink period. 
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Figure 4-22: Examples of OST temperature traces at the center of the cornea for different IBIs. 

 

4.4.3.2 Effect of Ocular Surface Location on OST Measurement 

To determine whether OST changes varied across different ocular surface locations, RTC values 

were compared across all eight measurement sites. The Mean RTC ° SD values for all subjects at 

each IBI and ocular surface location are shown in the Table 4-27.  
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Table 4-27: Mean Ñ SD of RTC across different IBIs at various corneal and scleral locations 

 Corneal Locations Scleral Locations 

IBI 1 2 3 4 5 6 7 8 

2 
-0.18 Ñ 

0.12 

-0.20 Ñ 

0.12 

-0.18 Ñ 

0.10 

-0.16 Ñ 

0.10 

-0.15 Ñ 

0.07 

-0.17 Ñ 

0.09 

-0.09 Ñ 

0.08 

-0.05 Ñ 

0.06 

4 
-0.04 Ñ 

0.03 

-0.06 Ñ 

0.03 

-0.10 Ñ 

0.09 

-0.04 Ñ 

0.04 

-0.04 Ñ 

0.04 

-0.05 Ñ 

0.03 

-0.05 Ñ 

0.06 

-0.03 Ñ 

0.04 

6 
-0.03 Ñ 

0.03 

-0.06 Ñ 

0.05 

-0.04 Ñ 

0.04 

-0.04 Ñ 

0.04 

-0.05 Ñ 

0.04 

-0.05 Ñ 

0.03 

-0.02 Ñ 

0.02 

-0.02 Ñ 

0.03 

8 
-0.02 Ñ 

0.01 

-0.03 Ñ 

0.01 

-0.02 Ñ 

0.01 

-0.03 Ñ 

0.01 

-0.03 Ñ 

0.01 

-0.03 Ñ 

0.01 

-0.02 Ñ 

0.01 

-0.02 Ñ 

0.02 

10 
-0.01 Ñ 

0.01 

-0.01 Ñ 

0.01 

-0.01 Ñ 

0.01 

-0.01 Ñ 

0.01 

-0.02 Ñ 

0.01 

-0.01 Ñ 

0.01 

-0.02 Ñ 

0.03 

-0.01 Ñ 

0.01 

 

To assess whether the distribution of RTC values was appropriate for parametric testing, a Shapiro-

Wilk test was conducted at each corneal cursor location (Cursors 1ï6), with RTC values averaged 

across all IBIs for each participant. As shown in Table 4-28, none of the cursor locations exhibited 

significant deviations from normality (p > 0.05), indicating that the assumption of normality was 

met. 
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 Table 4-28: Shapiro-Wilk normality test results for RTC values at each corneal location 

Cursor W-statistic p-value 

Cursor 1 0.90 0.3585 

Cursor 2 0.85 0.1130 

Cursor 3 0.84 0.1087 

Cursor 4 0.93 0.5083 

Cursor 5 0.94 0.6619 

Cursor 6 0.86 0.1391 

 

Given that the normality assumption was satisfied, a repeated measures ANOVA was performed 

to evaluate whether RTC significantly differed across the six corneal cursor locations. The analysis 

revealed no statistically significant effect of cursor location on RTC (F = 1.44, p = 0.239), 

suggesting that temperature change across the ocular surface was generally consistent regardless 

of measurement site. However, it is also possible that this non-significant result reflects the 

relatively large variability observed across locations, which may have limited the ability to detect 

subtle regional differences in RTC. 

While no significant RTC differences were observed among corneal locations, a significant 

difference was detected between the scleral sites (Locations 7 and 8) and the corneal locations. To 

assess this difference, a Shapiro-Wilk test confirmed that RTC values were not normally 

distributed in either region (p < 0.001). Given this violation of normality, the Wilcoxon signed-

rank test was used as a non-parametric alternative to compare RTC between the two groups. The 
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results (W = 0.000, p = 0.016) indicated a significant difference, suggesting that RTC fluctuations 

are greater in corneal locations than in scleral regions. This difference is illustrated in Figure 4-23, 

which compares the mean RTC between corneal and scleral locations, highlighting the greater 

temperature change observed across the corneal surface. 

 

 

Figure 4-23: RTC distribution for corneal vs. scleral regions across all IBIs (n = 7). RTC was 

significantly greater in corneal locations compared to scleral (Wilcoxon signed-rank test W = 

0.000, p = 0.016). Boxes show median and IQR. 

 

The relationship between corneal locations in terms of RTC was assessed by calculating the mean 

correlation among Cursor 1ï5 at different IBIs. As shown in the Figure 4-24, the correlation 

between different corneal sites was not constant, but varied across IBIs, with the highest correlation 
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observed at IBI 6 seconds. The observed peak RTC synchronization at IBI 6 second likely reflects 

a transient physiological state, during which the tear film attains a relatively uniform thickness and 

evaporation rate across the corneal surface. At shorter intervals (such as 2 or 4 seconds), rapid 

evaporation immediately after blinking may cause uneven tear film thinning, resulting in localized 

variability. Conversely, at longer intervals (8 or 10 seconds), the tear film may begin to break up, 

creating regional dry spots or uneven temperature changes. Thus, the 6 second interval could 

represent an optimal physiological balance point, where uniform tear film stability leads to 

synchronized temperature dynamics across corneal regions.  

 

 

Figure 4-24: Mean RTC correlation among corneal locations across IBIs (n = 7). The highest 

correlation at 6 sec IBI suggested synchronized temperature changes, while decreasing 

correlation at longer IBIs indicates increasing thermal variability. 

 



 160 

Now that the pattern of RTC synchrony among corneal locations has been established in Figure 4-

24, this relationship can be visualized even more clearly through the correlation heatmaps 

presented in Figure 4-25. Figure below displays the correlation heatmaps of RTC across cursor 

locations for each IBI. At IBI 2 sec and 4 sec, corneal locations exhibit strong correlations, though 

slight variations are present. At IBI 6 sec, correlations among corneal locations reach their peak, 

indicating the most uniform RTC pattern. At IBI 8 sec and 10 sec, correlations weaken, showing 

increased variability in RTC among corneal locations. Additionally, across all IBIs, correlations 

between corneal locations (Cursor 1ï5: superior, temporal, inferior, nasal, and central cornea) and 

scleral locations (Cursor 7: temporal sclera; Cursor 8: nasal sclera) remain lower than intra-corneal 

correlations. 
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Figure 4-25: Heatmaps of RTC correlation across cursor locations at different IBIs (n = 7). 

Strong correlations (red) indicate synchronized temperature changes, while weaker correlations 

(blue) reflect increasing thermal variability. 
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4.4.3.3 Effect of Averaging vs. Single Measurements 

The reliability of RTC measurements was assessed by calculating ICC for individual cursor 

locations and various averaging combinations. Table 4-29 summarizes the ICC values obtained, 

demonstrating that averaging across multiple cursor locations consistently improved measurement 

reliability compared to single cursor measurements. 

Table 4-29: ICC values for averaged and single cursor measurements 

Averaging Combination ICC Value Reliability Notable Findings 

(1, 4) 0.99 Excellent Near-perfect reliability 

(1, 3, 4) 0.98 Excellent High stability trio 

(1, 6) 0.98 Excellent Near-perfect reliability 

(5, 6) 0.96 Very High Reliable pair 

(4, 6) 0.95 Very High Reliable pair 

(2, 6) 0.94 Very High Reliable pair 

(3, 4) 0.92 Very High Consistently reliable pair 

(2, 3) 0.92 Very High Reliable pair 

(1, 2) 0.91 Very High Optimal pair 

Cursor 5 0.74 High Most reliable single location 

Cursor 4 0.73 High Single location 

Cursor 6 0.72 High Single location 

Cursor 3 0.71 High Single location 

Cursor 1 0.67 Moderate Single location 

Cursor 2 0.65 Moderate Single location 
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While cursor combinations consistently demonstrated very high to near-perfect reliability, it is 

noteworthy that several single cursor locations also provided high reliability, with ICC values 

above 0.70. Among these, Cursor 5 yielded the highest reliability as an individual site. Figure 4-

26 visually compares ICC values for both single and combined cursor measurements, emphasizing 

the enhanced stability achieved through averaging, while also showing that single-point 

measurements can still offer dependable results. The dashed red line (ICC = 0.9) represents the 

threshold for high reliability, clearly distinguishing the performance gap between individual and 

combined cursor strategies. 

 

Figure 4-26: ICC values for RTC across individual cursors (orange) and cursor combinations 

(blue). All combinations exceeded the high-reliability threshold (ICC Ó 0.9), while single cursors 

ranged from moderate to high reliability. Cursor 5 was the most reliable individual location. 

 

4.4.3.4 Necessity of Averaging Multiple Measurements 

The reliability of RTC measurements across IBI sequences was evaluated using ICC analysis. 

Table 4-30 summarizes the ICC values obtained for single measurements and averaged 

measurements across multiple IBI sequences. 
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Table 4-30: ICC for RTC measurements  

Number of Sequences Averaged ICC 

1 0.88 

2 0.90 

3 0.91 

4 0.91 

5 0.89 

 

The results show that averaging RTC measurements improves reliability, with ICC values 

increasing as more sequences are averaged. The ICC value for a single measurement was lower 

compared to averaged measurements, with reliability improving significantly when combining two 

or three sequences. However, beyond three averaged measurements, no substantial improvement 

in ICC was observed, indicating that averaging more than three sequences does not provide 

additional reliability gains. These findings suggest that averaging at least three IBI sequences is 

sufficient to achieve stable and reliable RTC measurements, without requiring additional 

sequences. The dashed red line (ICC = 0.9) in the Figure 4-27 represents the high reliability 

threshold, showing that averaging three sequences is optimal for achieving consistent 

measurements. 
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Figure 4-27: ICC values for RTC based on the number of sequences averaged. Averaging 3 

sequences yielded the highest reliability (ICC = 0.91), surpassing the high-reliability threshold 

(dashed line).  

 

4.4.4 Discussion 

This study aimed to optimize OST measurement using IRT by examining key factors such as 

temperature metrics, IBI, measurement location, and the reliability of single versus averaged 

measurements. The findings align with and extend existing research, offering practical insights for 

improving OST measurement protocols and standardization. 

4.4.4.1 RTC as a Superior OST Metric 

The results demonstrated that the RTC, which reflects the rate of temperature change, is a more 

reliable and consistent metric than absolute temperature change (ȹT). While some researchers 

found both methods valuable,210 the findings from this study align with other studies, emphasizing 

the superiority of dynamic measurements for understanding thermal regulation of the ocular 
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surface. The cooling rate of the ocular surface ï particularly the temperature fluctuations that occur 

between blinks ï has been shown to offer greater insight than static temperature values when 

assessing tear film stability, diagnosing ocular surface diseases, and distinguishing between 

different forms of DED.30 It has further been demonstrated that single-point measurements of OST, 

when analyzed dynamically, correlated effectively with indicators of tear film stability, such as 

NITBUT, in contact lens wearers.248 Collectively, these findings underscore the significance of 

evaluating dynamic OST changes rather than relying solely on static values. 

4.4.4.2 Influence of IBI on OST Measurements 

The analysis revealed that longer IBIôs lead to more consistent OST measurements, with the lowest 

variability observed at the 8- and 10-second intervals. However, practical limitations, such as a 

participantôs ability to maintain their gaze without blinking, often make longer IBIs challenging, 

particularly in an individual with DED. Previous studies have noted the difficulty in sustaining 

longer IBIs without affecting measurement reliability.252 Although longer IBIs inherently lead to 

lower temperature variability due to the gradual convergence toward baseline OST (~32ÁC), this 

reduced variability alone does not necessarily imply greater diagnostic value. Instead, prolonged 

IBIs may diminish the sensitivity required to detect subtle but clinically meaningful differences in 

tear film stability. The current study identified the 6-second IBI as an optimal balance, offering a 

compromise between measurement consistency and participant comfort, while preserving 

diagnostic sensitivity by capturing more immediate and relevant variations in tear film dynamics 

before temperatures fully stabilize. This finding aligns with recommendations suggesting that 

while longer IBIs improve measurement stability, they may not be practical for all participants.200 

A 6-second IBI has also been used for similar reasons, with an emphasis on the fact that shorter 
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IBIs minimize reflex tearing, which might otherwise affect the accuracy of IR imaging 

measurements.198 

4.4.4.3 Ocular Surface Location and OST Variability 

The study also explored temperature variations across different ocular surface locations, revealing 

high correlations among central corneal locations, suggesting redundancy in multiple 

measurements from these sites. This result corroborates findings indicating that central corneal 

measurements are highly consistent due to the relatively uniform temperature distribution across 

these locations.210 In contrast, peripheral regions, such as the nasal and temporal sclera, showed 

distinct temperature profiles, reflecting differences in vascularization and exposure to 

environmental factors. It has been demonstrated that peripheral temperature measurements provide 

valuable diagnostic information for conditions affecting these regions, such as conjunctival 

inflammation or localized dry eye.31,188,194,246,247 

The importance of peripheral temperature measurements is further supported by evidence 

exploring the relationship between OST and peripheral vasoconstriction. This suggests that 

peripheral blood flow significantly influences OST, highlighting the broader implications of these 

measurements in ocular and systemic health assessments.253 

4.4.4.4 Measurement Reliability. Single vs. Averaged Data 

This study assessed the reliability of OST measurements by calculating ICC for both individual 

cursors and various cursor combinations. The results showed that averaging measurements across 

multiple cursor locations significantly enhanced reliability compared to single cursor 

measurements. Combining measurements from multiple cursor locations, such as (1, 4) or (1, 3, 

4), resulted in ICC values approaching near-perfect reliability (0.98 and 0.98, respectively), 

suggesting that strategic averaging across selected cursor locations improves measurement 
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consistency. While single cursors still provided reasonable reliability, Cursor 5 was the most 

reliable single location (ICC = 0.74), though slightly lower than combined measurements, 

emphasizing the benefit of averaging. 

This supports the finding that averaging of measurements reduces variability and enhances the 

consistency of OST readings, making it a preferable approach for obtaining reliable data.225 The 

high reproducibility of OST measurements using thermographic devices has also been 

demonstrated, reinforcing the importance of combining multiple measurement points to achieve 

consistent and accurate readings.200 While single-location measurements remain useful due to time 

or resource constraints, selecting optimal cursor combinations greatly enhances consistency, 

making it the preferred approach in clinical practice. 

4.4.4.5 Necessity of Averaging Multiple RTC Measurements 

The analysis showed that while averaging multiple RTC measurements slightly improves 

reliability (with ICC values increasing from 0.87ï0.88 for single measurements to 0.972ï0.973 for 

averaged ones), the difference is small and that single measurements still demonstrate good 

reliability. Support for the use of single measurements has also been shown, demonstrating their 

effective correlation with systemic cardiovascular risk factors, which is valuable in large-scale 

screenings or routine clinical use.254 Thus, while averaging enhances consistency, single 

measurements are often adequate, especially when time or resources are limited. 

4.4.4.6 Implications for OST Standardization and Clinical Utility 

The findings of this study provide critical insights into optimizing OST measurement protocols, 

particularly in refining standardized procedures for IRT-based tear film assessment. Several key 

recommendations emerge: 

π RTC should be prioritized over ȹT for assessing ocular surface cooling dynamics. 
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π Longer IBIs (6ï10 sec) provide more stable temperature readings, reducing RTC variability 

and enhancing reliability. 

π Averaging RTC across multiple cursor locations and IBIs significantly improves measurement 

reliability. 

By addressing these methodological aspects, this study enhances the standardization of OST 

measurements, ultimately contributing to the development of more reliable diagnostic tools for 

assessing tear film function and ocular surface health. Future research should aim to validate these 

findings in larger and more diverse populations, including individuals with specific ocular 

conditions, such as DED and glaucoma. Additionally, further investigation into the impact of 

environmental factors, such as RH and lighting conditions, on OST readings could refine protocols. 

Integrating machine learning algorithms for automated IRT analysis holds promise for improving 

OST measurement precision and accessibility in clinical settings. 

4.4.5 Limitations and Future Directions 

Despite the significant contributions of this study in optimizing OST measurement protocols, 

several limitations must be acknowledged. 

First, the sample size was relatively small (n=7), consisting of healthy participants without 

diagnosed ocular surface disease. While the findings provide valuable insights into OST 

measurement standardization, a larger and more diverse sample, including patients with DED, 

glaucoma, and other ocular surface disorders, is necessary to enhance generalizability. It is 

important to note that this study was designed as a protocol optimization investigation, with the 

primary aim of refining OST measurement procedures specifically, identifying appropriate blink 

intervals and anatomical regions for temperature acquisition using infrared thermography. As the 

study did not involve hypothesis testing or effect size estimation, a formal sample size calculation 
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was not undertaken. Previous literature supports the use of small samples in pilot and feasibility 

studies when the objective is to assess procedural feasibility and optimize methodology. For 

example, Billingham et al.250 and Teresi et al.251 both emphasize that small sample sizes can be 

acceptable in this context, particularly when multiple within-subject measurements are obtained 

under controlled conditions. However, it is important to acknowledge that the sample size of seven 

participants falls below the threshold recommended for pilot studies that are also intended to 

inform future trial planning. Whitehead et al.255 suggest that 10 to 15 participants per group may 

be more appropriate when aiming to estimate parameters for sample size calculation or assess 

intervention effects. This limitation should be considered when interpreting the broader 

applicability of any findings. 

Second, while this study identified the 6-second IBI as an optimal balance between stability and 

feasibility, some participants may struggle to maintain prolonged IBIs. In individuals with severe 

DED or blink abnormalities, alternative measurement strategies, such as adaptive blinking 

protocols, should be investigated to enhance feasibility without compromising data accuracy. 

Third, while this study emphasized averaging across cursor locations and IBI sequences to enhance 

measurement reliability, it remains unclear whether automated approaches, such as machine 

learning-based region selection, could further improve standardization and efficiency. Future work 

should explore AI-driven methods for automating OST analysis, potentially reducing variability 

associated with manual region selection. 

Finally, while RTC was identified as the most reliable metric for OST assessment, other dynamic 

temperature parameters, such as thermal recovery time (i.e., the time it takes for the ocular surface 

temperature to return to baseline after a blink) or regional temperature gradients, may also offer 



 171 

additional diagnostic value. Future investigations should explore these alternative thermographic 

parameters in different ocular conditions to expand the clinical utility of OST measurements. 

4.4.6 Conclusion 

This study provides a framework for optimizing OST measurement, emphasizing the importance 

of standardized methods to improve reliability, reproducibility, and clinical utility. The findings 

contribute to better ocular health monitoring through advanced IRT techniques, offering a pathway 

toward improved diagnosis and management of ocular surface disorders. By identifying optimal 

IBIs, reliable measurement locations, and the benefits of averaging, this research lays the 

groundwork for standardized OST assessment, improving its integration into routine ophthalmic 

evaluations. Future efforts should focus on clinical validation, automation, and environmental 

adaptability to further enhance the precision and accessibility of OST as a diagnostic tool. 
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4.5 Investigating Tear Film Dynamics Following Lipid Eye Drop 

Instillation (PHASE II) 

4.5.1 Overview 

The tear film is critical for maintaining ocular surface health by providing lubrication, minimizing 

friction, and protecting the cornea from environmental stressors. The primary cause of instability 

of the tear film is often a compromised lipid layer, resulting in rapid tear film break-up and 

increased ocular surface cooling.7 

Artificial tears containing lipids aim to enhance lipid layer integrity and consequently reduce tear 

evaporation, but their exact effect on OST and tear film stability remains unclear and requires 

further investigation.99,215 

IRT has emerged as a valuable, non-invasive method for assessing OST variations related to tear 

film dynamics. Prior research showed OST decreases progressively during sustained eye opening, 

reflecting tear evaporation, with regional differences in cooling rates.178,185 Despite this clinical 

potential, standardized OST measurement methodologies are lacking, and there is an ongoing need 

to identify optimal techniques and ocular surface regions for reliable IRT assessments.33,185,186 

In Phase I of this investigation (Section 4-3) into tear film dynamics following lipid eye drop 

instillation, the immediate effects of lipid-based drops were explored, but this did not include OST 

measurements. The primary focus in the Phase I study was on evaluating tear film stability and 

subjective effects and, while the study provided important insights, it became evident that a longer 

observation period than 5 mins post-instillation was required to capture sustained effects of lipid 

supplementation on tear film stability. Building on these findings, a follow-up study was designed 

with an extended evaluation timeframe to determine whether lipid-based eye drops provide 
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prolonged protection against tear evaporation or induce transient destabilization before 

stabilization occurs. 

In the ResearchIR study (Section 4-4), a refined methodology for OST measurement was 

established. That study allowed procedural elements to be established, including monitoring of 

environmental conditions, standardized IBIs, and optimized image processing techniques. 

Importantly, the ResearchIR study revealed that RTC was more informative and provided superior 

insight into tear film dynamics than DT alone, further supporting the significance of cooling rate 

in thermographic assessments. With a framework for OST analysis, the current study aims to 

integrate the ThermOcular IR camera with the ResearchIR software to systematically measure 

OST and evaluate its correlation with tear film stability following lipid eye drop instillation. 

A significant aspect of this investigation is the comparison of different measurement methods and 

locations to determine the most accurate and reproducible approach. Instead of relying on a single-

point OST measurement, temperature variations were analyzed across multiple ocular surface 

regions, and with different numbers of pixels within the sample location. This comparative 

approach helped optimize the use of the ThermOcular camera for OST measurements. 

4.5.2 Materials and Methods 

4.5.2.1 Subjects and Ethical Approval 

Since this study was a continuation of Phase I with some refinements, an amendment was 

submitted and approved by University of Waterloo Research Ethics Board (REB #44425). The 

study adhered to the tenets of the Declaration of Helsinki. 

Twenty-seven healthy adult participants (mean age 24.6 Ñ 2.3 years; 21 females, 6 males) were 

enrolled in the study. Participants were eligible for inclusion if they were 18 years or older, had no 

known active ocular disease or infection, and were able to comply with the study protocol, which 
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included refraining from contact lens wear, eye makeup, and ocular lubricants on the day of the 

study visit. Participants were also required to be awake for at least two hours prior to their 

scheduled visit. Exclusion criteria included the presence of active ocular disease or infection, a 

history of ocular surgery within the past six months, or the use of systemic or ocular medications 

that could potentially influence tear film properties. Individuals with known sensitivities to Systane 

Complete eye drops or petroleum jelly, as well as those with a history of refractive surgery or 

aphakia, were also excluded. All participants provided written informed consent prior to 

participation in the study.  

4.5.2.2 Instrumentation 

The following instruments were used for this study, with their detailed specifications previously 

described in the methodology chapter and thus not repeated here: 

π Waterloo Evaporimeter: TER. 

π Keratograph 5M (Oculus, Germany): NITBUT. 

π LipiView II (Johnson & Johnson Vision, USA): LLT. 

π ThermOcular Camera: OST. 

π Systane Complete Eye Drop (Alcon, Canada): TFLL enhancement. 

4.5.2.3 Experimental Procedure 

The experimental tasks were conducted in the following chronological order: 

4.5.2.3.1 Baseline Measurements  

At the beginning of the study visit, demographic, ocular, and medical history information was 

collected for each participant. This included age, sex, contact lens use, recent eye drop use, past or 

current ocular surgeries, history of ocular infections or conditions, use of ocular or systemic 
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medications or supplements, and any history of epilepsy or known sensitivities to eye drops or 

petroleum jelly. 

Visual acuity was assessed using a Bailey-Lovie LogMAR chart to confirm that participants had 

normal or corrected-to-normal vision prior to testing. LLT was then measured using the LipiView 

II interferometer, followed by three consecutive NITBUT measurements performed with the 

Keratograph 5M. 

OST was measured using the ThermOcular camera system. Participants were instructed to begin 

by closing their eyes for 10 seconds and then initiate a blinking cycle in which they blinked every 

6 seconds. This cycle was repeated four times, with the timing guided by a metronome providing 

an auditory cue. Temperature measurements were recorded at five pre-defined corneal cursor 

locations, including the central, superior, inferior, nasal, and temporal regions, to capture regional 

differences in OST. 

Prior to evaporimetry measurements, petroleum jelly was carefully applied around the eyes to 

reduce skin evaporation within the goggle and ensure a proper seal between the skin and the 

evaporimeter goggles. TER was measured with the eyes open while participants blinked every 3 

seconds for a total of 20 seconds, guided by a metronome. After ventilating the goggles to restore 

baseline humidity, TER was measured a second time with the eyes closed for another 20 seconds. 

Note on Device Malfunction: During Phase II of data collection, the right-side sensor in the 

Waterloo Evaporimeter stopped transmitting data due to a malfunction in the custom ñGoggleò 

software. Despite troubleshooting efforts, the right goggle could not be restored in time to resume 

randomized bilateral measurements. As a result, all TER recordings in the later part of the study 

were obtained from the left eye only. While not ideal, this deviation allowed continued data 

acquisition. 
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4.5.2.3.2 Lipid Drop Instillation 

One drop of Systane CompleteÈ was instilled into one eye (randomly assigned). Post-instillation 

measurements were conducted at two time points: the first after a five-minute wait period and the 

second at an interval of twenty-minutes after drop instillation. 

4.5.2.3.3 Post-Drop Measurements (5 Minutes) 

LLT was measured using the LipiView II interferometer. This was followed by three consecutive 

NITBUT measurements obtained using the Keratograph 5M. 

OST was then assessed using the ThermOcular camera. For this measurement, participants were 

instructed to close their eyes for 10 seconds, then begin blinking every 6 seconds while looking 

directly into the camera. This blinking cycle was repeated four times, guided by auditory cues from 

a metronome to ensure consistency. Temperature measurements were recorded at five pre-defined 

corneal cursor locations, including the central, superior, inferior, nasal, and temporal regions, to 

capture regional differences in OST. 

TER was measured using the Waterloo Evaporimeter. The first measurement was taken with the 

eyes open while participants blinked every 3 seconds for 20 seconds, again guided by a 

metronome. Following a brief ventilation period to restore baseline humidity inside the goggles, a 

second TER measurement was performed with the eyes closed for another 20 seconds. 

4.5.2.3.4 Post-Drop Measurements (20 Minutes) 

All measurements were repeated 20 minutes after the instillation of the lipid eye drop. LLT was 

measured using the LipiView II interferometer, followed by three consecutive NITBUT 

measurements performed with the Keratograph 5M.  

OST was then assessed using the ThermOcular camera. For this procedure, participants were 

instructed to close their eyes for 10 seconds and then begin blinking every 6 seconds while looking 
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toward the camera. This blinking cycle was repeated four times, with auditory cues provided by a 

metronome to ensure timing consistency. Temperature measurements were recorded at five pre-

defined corneal cursor locations, including the central, superior, inferior, nasal, and temporal 

regions, to capture regional differences in OST. 

TER was measured using the Waterloo Evaporimeter. The first measurement was taken with the 

eyes open while participants blinked every 3 seconds for 20 seconds, guided by a metronome. 

After ventilating the goggles to restore baseline humidity, a second TER measurement was taken 

with the eyes closed for another 20 seconds. 

4.5.2.3.5 Completion Procedures 

Exit visual acuity was reassessed using the Bailey-Lovie LogMAR chart to confirm that no adverse 

effects had occurred during testing. Participants then completed a study completion form and 

received remuneration for their participation. 

The following table (Table 4-31) summarises the structured sequence of experimental procedures 

conducted throughout the study. 
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Table 4-31: Summary of the experimental procedure of the study. 

 

Baseline 
Measurements

Collection of demographic data, ocular, and medical history

Entrance VA with Bailey-Lovie LogMAR chart  

LLT with LipiView II

NITBUT with Keratograph 5M

OST with ThermOcular Camera

TER with Waterloo Evaporimeter 

Lipid Drop 
Instillation

Instillation of one drop of Systane Complete into one eye

Wait period of 5 minutes and 20 minutes

Post Drop 
Measurements 
(@ 5 Minutes)

LLT with LipiView II.

NITBUT with Keratograph 5M

OST with ThermOcular Camera

TER with Waterloo Evaporimeter

Post Drop 
Measurements 
(@ 20 Minutes)

LLT with LipiView II

NITBUT with Keratograph 5M

OST with ThermOcular Camera

TER with Waterloo Evaporimeter

Completion 
Procedure 

Exit VA with Bailey-Lovie LogMAR chart  



 179 

4.5.2.4 Statistical Analysis 

All statistical analyses were conducted using SPSS (IBM Corp., Armonk, NY, USA). Analyses 

were designed to evaluate the effects of lipid-based eye drop instillation on tear film characteristics 

and ocular surface thermodynamics across multiple time points and spatial locations. 

To assess the distribution of data, the Shapiro-Wilk test was used for each parameter at all 

measurement time points. Based on the outcomes of normality testing, appropriate statistical 

methods were selected for subsequent analysis. 

For variables that followed a normal distribution, such as NITBUT repeated-measures ANOVA 

was employed to evaluate within-subject changes across time (baseline, 5 minutes, and 20 minutes 

post-instillation). Where significant effects were identified, post-hoc comparisons with Bonferroni 

Correction were performed using paired-sample t-tests to identify specific time point differences. 

For non-normally distributed variables, including LLT, RTC and TER, the Friedman test was used 

as a non-parametric alternative for repeated-measures comparisons. In cases of significance, 

Wilcoxon signed-rank tests with Bonferroni Correction were used for post-hoc pairwise 

comparisons. 

Pearson correlation analyses with Bonferroni Correction were conducted to examine the 

relationships among changes in LLT, NITBUT, RTC, and TER at 5- and 20-minutes post-

instillation. Correlations were interpreted based on both the strength and direction of the 

relationship and supported by scatter plots with regression lines. 

All statistical tests were two-tailed, with a significance level set at p Ò 0.05. 
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4.5.3 Results 

4.5.3.1 Participant Demographics and Environmental Conditions 

Initially, 31 participants were enrolled in the study. After applying the inclusion and exclusion 

criteria, data from 27 participants were included in the final analysis. Table 4-32 presents the 

demographic characteristics of the study participants and the environmental conditions under 

which data collection was performed. These values provide context for interpreting the 

physiological measurements collected during the study. 

Table 4-32: Participant demographics and environmental conditions 

Characteristics Mean Ñ SD or n 

Age (years) 24.7 Ñ 2.34 

Sex 7 Male, 20 Female 

Eye Measured (OD/OS)  6 OD, 21 OS  

Room Temperature (ÁC) 22.5 Ñ 0.81 

Ambient RH (%) 35.8 Ñ 8.1 

 

4.5.3.2 Tear Film Characteristics Before and After Lipid Drop Instillation 

The primary tear film characteristics evaluated in this study were LLT, NITBUT, RTC and TER. 

These parameters were measured at baseline (before lipid eye drop instillation) and repeated 

following administration of Systane Complete eye drops after 5 minutes and 20 minutes. Table 4-

33 summarizes the descriptive statistics for LLT, NITBUT, RTC (First Measurement, Single Pixel 

at the center of the cornea) and TER measurements, illustrating the tear film dynamics associated 

with lipid supplementation. 
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Table 4-33: Tear film characteristics before and after lipid drop instillation  

Parameter 
Before Drop 

(Mean Ñ SD) 

5 mins After Drop 

(Mean Ñ SD) 

20 Mins After Drop 

(Mean Ñ SD) 

LLT (nm) 64.41 Ñ 16.73 83.48 Ñ 15.53 80.48 Ñ 18.69 

NITBUT (sec)  

First Measurement 13.55 Ñ 6.15 12.02 Ñ 5.57 10.43 Ñ 4.99 

Average Measurement 16.20 Ñ 5.06 15.04 Ñ 4.89 13.75 Ñ 4.89 

RTC ( C̄/sec) -0.04 Ñ 0.04 -0.04 Ñ 0.03 -0.04 Ñ 0.03 

TER (g/mĮ/hr) 0.08 Ñ 0.07 0.11 Ñ 0.06 0.11 Ñ 0.05 

 

4.5.3.3 Normality Analysis of Tear Film Characteristics  

The normality of distributions for LLT, NITBUT, RTC and TER measurements, both before and 

after lipid eye drop instillation, was assessed using the Shapiro-Wilk test. The results are 

summarized in the Table 4-34. 
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Table 4-34: Normality analysis of tear film characteristics (Shapiro-Wilk test) 

Parameter Condition Shapiro-Wilk W p-value 

LLT (nm) 

Before Drop 0.86 0.002 

5 Mins After Drop 0.90 0.013 

20 Mins After Drop 0.82 <0.001 

NITBUT (sec)  

First Measurement 

Before Drop 0.94 0.139 

5 Mins After Drop 0.95 0.183 

20 Mins After Drop 0.94 0.134 

Average Measurement 

Before Drop 0.93 0.058 

5 Mins After Drop 0.96 0.319 

20 Mins After Drop 0.94 0.136 

RTC (C̄/sec) 

Before Drop 0.89 0.01 

5 Mins After Drop 0.87 0.003 

20 Mins After Drop 0.88 0.004 

TER (g/mĮ/hr) 

Before Drop 0.88 0.004 

5 Mins After Drop 0.96 0.347 

20 Mins After Drop 0.99 0.973 
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4.5.3.4 Comparative Analysis of Tear Film Characteristics Before and After Lipid Drop 

Instillation 

Following normality analysis using the Shapiro-Wilk test, appropriate statistical methods were 

selected. Due to non-normal distributions for LLT, RTC, and TER (before drop), the non-

parametric Friedman test was used for these variables. For NITBUT (both first and average 

measurements), which showed normal distributions across all time points, Repeated-Measures 

ANOVA was performed. Pairwise comparisons following significant overall results were corrected 

for multiple comparisons using Bonferroni adjustment. 

The summary of these statistical analyses, including test statistics and p-values, is presented in 

Table 4-35. 
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Table 4-35: Summary table of inferential statistical analysis 

Parameter Statistical Test Test Statistic p-value 

Post-hoc Comparisons 

(Bonferroni-adjusted) 

LLT (nm) Friedman 13.0 0.002 

Significant differences: 

"Before vs. 5 mins" (p = 

0.003), "Before vs. 20 

mins" (p = 0.012). No 

difference "5 mins vs. 20 

mins" (p = 0.975). 

NITBUT (sec)   

First Measurement 

Repeated-Measures 

ANOVA 

4.16 0.021 

No significant pairwise 

differences after Bonferroni 

correction (all p > 0.05). 

Average Measurement 

Repeated-Measures 

ANOVA 

3.39 0.041 

No significant pairwise 

differences after Bonferroni 

correction (all p > 0.05). 

RTC (C̄/sec) Friedman 0.0 1.0 

No significant differences 

(all p > 0.05). 

TER (g/mĮ/hr) Friedman 18.67 <0.001 

Significant differences: 

"Before vs. 5 mins" (p < 

0.001), "Before vs. 20 

mins" (p = 0.007). No 

difference "5 mins vs. 20 

mins" (p = 0.939). 
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Each tear film parameter that demonstrated a statistically significant difference across time points 

is examined in detail in the sections below. These analyses include post-hoc comparisons with 

Bonferroni correction to identify specific time intervals where meaningful changes occurred 

following lipid drop instillation. 

4.5.3.4.1 LLT 

After establishing a significant difference in LLT across the three time points (Before Drop, 5 

minutes after drop, and 20 minutes after drop) using the Friedman test (p = 0.002), a post-hoc 

analysis was conducted using the Wilcoxon signed-rank test with a Bonferroni correction to 

identify specific pairwise differences between these measurements. Table 4-36 presents the results 

of the post-hoc Wilcoxon signed-rank tests conducted to compare LLT measurements across the 

three time points. These comparisons were used to identify where significant changes in LLT 

occurred following drop instillation. 

Table 4-36: Results of the post-hoc analysis comparing LLT measurements across three different 

time points 

Comparison Wilcoxon Statistic p-value 

Bonferroni-adjusted 

significance 

(Ŭ=0.0167) 

LLT (before) vs LLT (after 5 mins) 15 <0.001 Significant 

LLT (before) vs LLT (after 20 mins) 45.5 0.002 Significant 

LLT (after 5 mins) vs LLT (after 20 mins) 116.5 0.513 Not significant 

 

The LLT measurements showed a significant increase immediately after the drop (p <0.001), and 

this increase remained significant even after 20 minutes (p = 0.002). However, no significant 

difference was observed between 5- and 20-minutes post-drop, indicating that LLT stabilized after 



 186 

the initial increase. It should be noted that the LipiView II interferometer has an upper 

measurement ceiling of 100 nm, beyond which LLT values cannot be quantified, potentially 

leading to an underestimation of post-instillation increases in LLT. Figure 4-28 visually illustrates 

the distribution of LLT measurements at baseline, 5 minutes, and 20 minutes post-instillation. The 

boxplot highlights median values and interquartile ranges, allowing for a clear comparison of LLT 

changes over time. 

 

Figure 4-28: LLT before, 5 min after, and 20 min after drop (n = 27), shown as median and IQR. 

LLT increased significantly from baseline to 5 min (p < 0.001) and remained significantly 

elevated at 20 min (p = 0.002). No significant difference was found between 5 and 20 min (p = 

0.513). 
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4.5.3.4.2 NITBUT 

After establishing a significant difference in NITBUT measurements (First and Average) across 

the three time points (Before Drop, 5 minutes after drop, and 20 minutes after drop) using the 

repeated-measures ANOVA (NITBUT First: p = 0.021; NITBUT Average: p = 0.041), post-hoc 

analyses were conducted using paired t-tests with a Bonferroni correction to identify specific 

pairwise differences between these measurements. Table 4-37 presents the results of post-hoc 

paired t-tests conducted to compare NITBUT First and Average measurements across the three 

time points. These comparisons were used to identify specific intervals where significant changes 

in tear film stability occurred following lipid drop instillation. 

Table 4-37: Results of the post-hoc analysis comparing NITBUT measurements across three 

different time points 

Measurement Type Comparison t-Statistic p-value 

Bonferroni-adjusted 

significance 

(Ŭ=0.0167) 

NITBUT First 

Before vs After 5min 1.28 0.214 Not significant 

Before vs After 20min 3.04 0.005 Significant 

After 5min vs After 20min 1.58 0.127 Not significant 

NITBUT Average 

Before vs After 5min 1.08 0.29 Not significant 

Before vs After 20min 2.96 0.007 Significant 

After 5min vs After 20min 1.43 0.166 Not significant 

 

The NITBUT First Measurement showed a significant decrease only at 20 minutes post-drop 

compared to before the drop (p = 0.005), indicating a delayed yet significant effect of the drop. No 

significant differences were observed between before and 5 minutes after the drop (p = 0.214), or 
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between 5 and 20 minutes after the drop (p = 0.127). Figure 4-29 and Figure 4-30 illustrate the 

changes in NITBUT First and Average measurements, respectively, across baseline, 5 minutes, and 

20 minutes post-drop. The bar plots display mean values and standard deviations, providing a 

visual summary of the observed temporal trends in tear film break-up time. 

 

Figure 4-29: NITBUT (first) before, 5 min after, and 20 min after drop (n = 27), shown as mean 

Ñ SD. A statistically significant reduction was observed from baseline to 20 min (p = 0.005). 

Changes between baseline and 5 min (p = 0.214) and between 5 and 20 min (p = 0.127) were not 

significant. 

 

Similarly, for NITBUT Average Measurement, a significant increase was observed only between 

before and 20 minutes after the drop (p = 0.007). Comparisons between before and 5 minutes (p = 

0.290) and between 5 and 20 minutes (p = 0.166) after the drop were not significant. These results 
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consistently indicate a significant delayed improvement in NITBUT measurements occurring by 

20 minutes post-drop. 

 

Figure 4-30: NITBUT (average) before, 5 min after, and 20 min after drop (n = 27), shown as 

mean Ñ SD. A statistically significant reduction occurred from baseline to 20 min (p = 0.007). No 

significant difference was found between baseline and 5 min (p = 0.290) or between 5 and 20 

min (p = 0.166). 

 

4.5.3.4.3 TER 

After establishing a significant difference in TER across the three time points (Before Drop, 5 

minutes after drop, and 20 minutes after drop) using a non-parametric Friedman test, a post-hoc 

analysis was conducted using Wilcoxon signed-rank test with Bonferroni correction to identify 

specific pairwise differences between these measurements. Table 4-38 summarizes the results of 



 190 

the post-hoc Wilcoxon signed-rank test with Bonferroni correction used to compare TER 

measurements across the three time points. These comparisons were conducted to determine when 

significant changes in TER occurred following lipid drop instillation. 

Table 4-38: Results of the post-hoc analysis comparing TER measurements across three different 

time points. 

Comparison Wilcoxon Statistic p-value 

Bonferroni-adjusted 

significance (Ŭ = 

0.0167) 

TER (before) vs TER (after 5 mins) 27.0 <0.001 Significant 

TER (before) vs TER (after 20 mins) 65.5 0.007 Significant 

TER (after 5 mins) vs TER (after 20 mins) 180.0 0.939 Not significant 

 

The TER measurements showed a significant increase immediately after the drop (p = <0.001), 

and this increase remained significant even after 20 minutes (p = 0.007). However, no significant 

difference was observed between 5- and 20-minutes post-drop (p = 0.939), indicating that TER 

stabilized after the initial increase. Figure 4-31 provides a visual representation of TER 

measurements at baseline, 5 minutes, and 20 minutes post-drop. The bar plot displays the mean 

and standard deviation at each time point, illustrating the pattern and stability of TER changes over 

time. 
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Figure 4-31: TER before, 5 min after, and 20 min after drop (n = 27), shown as mean Ñ SD. TER 

increased significantly from baseline to 5 min (p < 0.001) and from baseline to 20 min (p = 

0.007). No significant difference was found between 5 and 20 min (p = 0.939). 

 

4.5.3.5 Correlation Analysis of Tear Film Parameter Changes 

To examine the evolving relationships between LLT, NITBUT, and TER, Pearson correlation 

analyses were performed at two time points following lipid eye drop instillation: 5 minutes and 20 

minutes. The goal was to explore how these tear film parameters interact over time post-

instillation. Due to multiple comparisons, a Bonferroni correction was applied, adjusting the 

significance threshold to Ŭ = 0.0083 (0.05/6). 

The results are summarized in Tables 4-39 and 4-40. 
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Table 4-39: Correlation analysis of changes (5 minutes post-instillation) 

Variables Compared 

Correlation 

Coefficient (r) 

p-value 

Significance 

(Bonferroni-

adjusted Ŭ = 

0.0083) 

LLT Change ź NITBUT First Change 0.17 0.391 Not Significant 

LLT Change ź NITBUT Average Change 0.15 0.466 Not Significant 

LLT Change ź TER Change 0.03 0.875 Not Significant 

NITBUT First Change ź NITBUT Average Change 0.94 <0.001 Significant 

NITBUT First Change ź TER Change -0.50 0.0082 Significant 

NITBUT Average Change ź TER Change -0.36 0.062 Not Significant 

 

Table 4-40: Correlation analysis of changes (20 minutes post-instillation) 

Variables Compared 

Correlation 

Coefficient (r) 

p-value 

Significance 

(Bonferroni-adjusted Ŭ 

= 0.0083) 

LLT Change ź NITBUT First Change 0.37 0.061 Not Significant 

LLT Change ź NITBUT Average Change 0.33 0.097 Not Significant 

LLT Change ź TER Change -0.03 0.87 Not Significant 

NITBUT First Change ź NITBUT 

Average Change 

0.86 <0.001 Significant 

NITBUT First Change ź TER Change -0.17 0.397 Not Significant 

NITBUT Average Change ź TER Change -0.12 0.557 Not Significant 
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The correlation analysis revealed several key findings: 

At 5 minutes post-instillation: 

π No significant correlation was found between LLT and NITBUT or TER changes. 

π A strong positive correlation was observed between NITBUT First and Average Measurements 

(r = 0.94, p < 0.001), indicating high internal consistency in tear film stability measures. 

π A moderate negative correlation was found between NITBUT First and TER (r = -0.50, p = 

0.0082), suggesting that increased tear stability may be associated with reduced tear 

evaporation shortly after lipid drop instillation. 

At 20 minutes post-instillation: 

π No significant correlation was found between LLT and NITBUT or TER. 

π A strong correlation remained between NITBUT First and Average Measurements (r = 0.86, p 

< 0.001), further reinforcing the reliability of NITBUT as a stability metric. 

π Weak correlations were observed between NITBUT and TER changes, but these were not 

statistically significant (e.g., NITBUT First ź TER: r = -0.17, p = 0.397), indicating that the 

relationship between tear stability and evaporation may diminish over time or be influenced 

by other factors. 

To illustrate these findings, the Figures below (Figure 4-32 and 4-33) present pairwise scatter plots 

with trend lines, visually representing the relationships between LLT, NITBUT, and TER changes 

at both 5 minutes and 20 minutes following lipid drop instillation. 
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Figure 4-32: Pairwise scatter plots with regression lines showing relationships among changes in 

LLT, NITBUT (first and average), and TER at 5 min after drop instillation (n = 27). Shaded areas 

represent 95% confidence intervals. A strong correlation was found between NITBUT first and 

average change (r = 0.94, p < 0.001). NITBUT first changes was significantly and negatively 

correlated with TER change (r = ï0.50, p = 0.0082).  
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Figure 4-33: Pairwise scatter plots with regression lines and 95% confidence intervals showing 

relationships among changes in LLT, NITBUT (first and average), and TER at 20 min after drop 

instillation (n = 27). A strong correlation was observed between NITBUT first and average 

change (r = 0.86, p < 0.001). Other relationships, including those between LLT and NITBUT or 

TER, and between NITBUT and TER, were not statistically significant. 

 






















































































































