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ABSTRACT 
 

Background: Dry eye disease is a highly prevalent ophthalmic condition with profound 

impacts on ocular comfort, visual function, and quality of life. The aims of this doctoral thesis 

were to examine two significant gaps in the contemporaneous literature, consistent with those 

identified by the recent global consensus Tear Film and Ocular Surface Society Dry Eye 

Workshop II (TFOS DEWS II), including the evaluation of the diagnostic performance of 

clinical tests for dry eye disease, and the investigation of modifiable and non-modifiable risk 

factors of the condition. 

 

Methods: This doctoral thesis was based primarily on two population-based observational 

studies. The Auckland Dry Eye Epidemiology Study is a multi-arm, prospective registry, cross-

sectional study of 2529 community residents from the Auckland region. The Dry Eye Sub-

study of the Dunedin Multidisciplinary Health and Developmental Study assessed a 

population-representative birth cohort of 885 participants followed up at 45 years of age. In 

both studies, dry eye symptomology, ocular surface characteristics, and tear film parameters of 

participants were evaluated within a single clinical session. 

 

Results: Individual clinical tests, including validated symptomology questionnaires, tear film 

stability, osmolarity measurements, ocular surface staining, and meibomian gland dysfunction 

markers, demonstrated modest to moderate diagnostic accuracy for detecting dry eye disease 

as defined by the global consensus TFOS DEWS II criteria. A non-invasive rapid screening 

algorithm was developed and exhibited high diagnostic agreement with the TFOS DEWS II 

criteria. 

 

A number of risk factors for dry eye disease were highlighted, including advancing age, female 

sex, Asian ethnicity, incomplete blinking, systemic rheumatologic disease, xerostomia, 

migraine headaches, thyroid disease, antidepressant medication, oral contraceptive therapy, 

digital device screen exposure time, and eye cosmetics. Caffeine consumption was identified 

to be a protective factor. Dry eye disease was associated with poorer self-perceived health 

status and increased psychological stress burden. 
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Conclusions: The findings of the diagnostic accuracies studies of this doctoral thesis largely 

support the recommendations made by the TFOS DEWS II reports. The identification of 

modifiable and non-modifiable risk factors in the epidemiology studies might contribute to the 

design of future research investigating population screening, risk factor modification, and 

preventative intervention strategies for dry eye disease. 
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CHAPTER 1. INTRODUCTION 
 

This doctoral thesis complies with the policies and procedures surrounding the incorporation 

of peer-reviewed publications, as detailed by the most recent version of the University of 

Auckland Statute and Guidelines for the Degree of Doctor of Philosophy. A number of sections 

from Chapters 1 to 4 of this thesis have generated peer-reviewed publications, and relevant 

references are provided at the beginning of each chapter, where applicable. 

 

The following chapter provides a brief overview of the contemporaneous understanding of dry 

eye disease. The content of certain sections of this chapter overlaps with the following peer-

reviewed publication: 

 

• Craig JP, Wang MTM. TFOS DEWS II and beyond: utilising evidence-base to inform 

the management of dry eye disease. Optometry in Practice. 2019;20(1):1-12. 
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1.1. Dry eye disease 

 

Dry eye disease (DED) is among the most commonly encountered chronic ophthalmic 

conditions in clinical practice, affecting more than 334 million patients worldwide.1,2 The 

condition is acknowledged to have profound impacts on ocular comfort, visual function, work 

productivity, psychological well-being, and quality of life.2-10 Associated symptoms of ocular 

stinging, epiphora, visual blurring, and glare sensitivity might impair the ability to perform 

social and physical tasks of daily living, including driving, reading, digital screen use, and 

outdoor recreation.2,3,6,11-13 This is frequently compounded by suboptimal symptomatic 

management,2,3,14 which can further contribute to increased psychological stress, depression, 

and anxiety.2-7,15-20 In the most severe cases, prolonged ocular surface drying and chronic 

inflammatory processes may lead to the development of irreversible sight-threatening corneal 

damage.21,22 Overall, the impact of moderate-to-severe dry eye disease on quality of life has 

been reported to be comparable with that of severe angina or hospital dialysis.10,23,24 

 

From an economic perspective, dry eye disease is associated with significant financial burden. 

In the United States, it estimated that around US$ 3.8 billion per year is spent on therapeutic 

management of the condition, equating to approximately US$ 783, annually, per patient.25 

Moreover, when productivity loss, physician visits, and other associated costs are considered, 

the total societal expenditure is estimated to be US$ 55.4 billion per year.25 As a degenerative 

condition, the global prevalence of dry eye disease has been projected to rise with the ageing 

population.2,21,22,26-29 Furthermore, the condition has also become increasingly pervasive in 

younger age groups, driven in part by the growing necessity of digital screen use in the modern 

home, education, and workplace environments, which has been recognised to be a potential 

risk factor for dry eye disease through its adverse impacts on blinking patterns.2,22,30-32 

 

The publication of the original Tear Film and Ocular Surface Society Dry Eye Workshop 

(TFOS DEWS) reports in 2007 marked a watershed moment, which generated universal 

recognition of dry eye disease and acknowledgement of its growing burden worldwide.1 These 

efforts culminated in an exponential growth in interest in the area, with the volume of scientific 

literature devoted to dry eye disease doubling in the ensuing decade.1,33 
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In the context of the rapidly expanding and evolving field of research, the Tear Film and Ocular 

Surface Society Dry Eye Workshop II (TFOS DEWS II) reports were published in 2017.1-

3,14,21,33-39 The workshop was an international collaborative initiative which provided a global 

consensus view on the major aspects of the condition and provided recommendations for future 

research directions within the field.33 

 

The aims of this doctoral thesis were to examine two significant gaps in the contemporaneous 

literature, by evaluating the diagnostic performance of clinical tests for dry eye disease,38 and 

investigating modifiable and non-modifiable risk factors of the condition,2 as further discussed 

in Sections 1.5.2 and 1.6.2 of this chapter. 
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1.2. Definition 

 

The recently updated global consensus TFOS DEWS II definition states that: 

 

“Dry eye disease is a multifactorial disease of the ocular surface characterised by a loss 

of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear film 

instability and hyperosmolarity, ocular surface inflammation and damage, and 

neurosensory abnormalities play etiological roles.” 34 

 

Components of the updated definition that remain consistent with the earlier definition devised 

by the original TFOS DEWS reports, include the acknowledgement of the complex and 

multifactorial nature of dry eye disease, which cannot be characterised by a single process, 

sign, or symptom.21,34,36 In addition, the updated definition continues to recognise dry eye as a 

disease, especially in the context of the significant adverse effects the condition can have on 

the structures of the ocular surface and adnexa, including the tear film, lacrimal and meibomian 

glands, cornea, conjunctiva, and eyelid tissues,21,36 as well as the profound impacts on the 

ocular comfort, visual function, and quality of life.8,13,40 

 

However, there are a number of new components to the updated definition, which were not 

present in the earlier definition.34 This includes the carefully chosen phrasing which highlights 

that dry eye disease is “characterised by a loss of homeostasis of the tear film”, in order to 

reflect the wide variety of clinical and laboratory signs, which can be observed in association 

with ocular surface and tear film imbalance.21,36,38 The phrasing “accompanied by ocular 

symptoms” was also re-worded to encompass a broader range of patient-reported experiences 

associated with dry eye disease, which may not necessarily be limited to ophthalmic 

discomfort, ocular dryness and irritation, or visual disturbance.2,3,8,13,21,40 From a clinical 

perspective, the updated definition serves to highlight the current understanding that the 

diagnosis of dry eye disease requires the presence of both clinical signs and symptoms.38 This 

is an important principle that will be revisited in Sections 1.3.1 and 1.6.1 of this chapter, and 

underpins the global consensus TFOS DEWS II definition, classification scheme, diagnostic 

criteria, and management algorithm of dry eye disease.14,34,38 
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The updated definition also briefly outlines the key etiological drivers which are understood to 

perpetuate the vicious circle of dry eye disease, including tear film instability, hyperosmolarity, 

and ocular surface inflammation.21,41 This provides further clarification, allowing for 

differentiation of the condition from other forms of ocular surface disease,21 which will be 

discussed in further detail in Sections 1.6.1 of this chapter. Finally, the updated definition also 

incorporates neurosensory abnormalities that can be associated with the condition, and have 

been increasingly recognised in the recent literature.3 
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1.3. Classification 

1.3.1. TFOS DEWS II classification scheme 
 

The classification of dry eye disease has considerable implications for clinical practice, by 

providing a framework for eye care practitioners to contextualise where the status of an 

individual patient might fit within the broader spectrum of ocular surface disease.34 This may 

facilitate the selection of more specific and targeted dry eye management and treatment 

strategies, which might be better tailored towards the individual patient.14 

 

Since the publication of the original TFOS DEWS reports over a decade ago, considerable 

advances have been made in the classification of dry eye disease, and the contemporaneous 

understanding is reflected in the global consensus TFOS DEWS II classification scheme for 

dry eye disease (Figure 1).34 The updated classification scheme adopts a patient-centred 

approach, with the initial clinical decision algorithm requiring the assessment of patient-

reported symptoms and experiences, prior to the clinical evaluation for signs of ocular surface 

disease.34,38 The core principles underlying the global consensus TFOS DEWS II definition, 

classification scheme, and diagnostic criteria require the presence of both clinical signs and 

symptoms, in order for a diagnosis of dry eye disease to be made,34,38  and this is discussed in 

further detail in Section 1.6.1 of this chapter. In recent years, there has been growing 

acknowledgement of the group of patients exhibiting clinical signs of tear film homeostatic 

disturbance in the absence of dry eye symptoms, which might represent the presence of 

asymptomatic ocular surface disease.34,42 Conversely, symptomatic patients without 

demonstrable signs may indicate pre-clinical dry eye or neuropathic pain.34 Asymptomatic 

ocular surface disease and pre-clinical dry eye are discussed in further detail in Sections 1.3.4 

and 1.3.5 below. The lack of clear differentiation between these three distinct groups of patients 

in earlier classification systems was thought to be particularly problematic for a number of 

reasons.34 From a clinical perspective, this might risk the selection of suboptimal or misguided 

treatment and management strategies,14 as well as contribute towards unrealistic therapeutic 

expectations for both patients and clinicians.34 In the context of research studies and trials, the 

inappropriate recruitment of participants without detectable dry eye signs or symptoms might 

subject novel therapies or pharmacological agents to unachievable efficacy targets during the 

regulatory approval process, due to the difficulty of observing significant improvements in 

clinical signs and symptoms, should they be absent at baseline.39  
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Patients with dry eye disease are traditionally classified into two etiological subtypes,34 

aqueous deficient dry eye disease (ADDE), and evaporative dry eye disease (EDE), which are 

discussed in further detail in Sections 1.3.2 and 1.3.3 of this chapter. Identification of the 

etiological cause of dry eye disease in the presenting patient might guide clinicians in selecting 

the most appropriate therapeutic and management strategies,14,34 as discussed further in Section 

1.7.2 of this chapter. Nevertheless, there has been increasing recognition of the substantial 

overlap between the two etiological subtypes, which are thought to exist on a continuum rather 

than as distinct entities.34 Indeed, elements of both etiological subtypes might co-exist in 

individuals with mixed dry eye disease,21,34 while the complex inter-relationships between the 

two types of pathophysiological mechanisms can contribute to the self-perpetuating vicious 

circle of dry eye disease,21,41 as discussed in further detail in Section 1.4 of this chapter. 
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Figure 1: TFOS DEWS II dry eye disease classification scheme  
Adapted from Craig et al.34  
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1.3.2. Aqueous deficient dry eye disease 
 

Aqueous deficient dry eye disease (ADDE) describes conditions predominantly affecting 

lacrimal gland function, and is characterised by inadequate aqueous tear production.21,34 There 

are various causes for the development of aqueous tear deficiency (Table 1), although it most 

commonly results from inflammatory infiltration of the lacrimal gland secondary to 

autoimmune disorders, such as Sjögren syndrome or associated systemic diseases including 

rheumatoid arthritis, systemic lupus erythematosus, and systemic sclerosis.21,34,43 In these 

chronic autoimmune-mediated conditions, autoantibody production, immune complex 

deposition, and lymphocytic infiltration can lead to multiple end-organ damage, including 

inflammation and destruction of the acinar and ductal epithelium of the lacrimal gland.21,43-45 

Secondly, inhibition of the sensory drive of the lacrimal gland may also contribute to aqueous 

deficient disease, and can be induced by trigeminal nerve damage, refractive surgery, and 

chronic abuse of topical anaesthetic medications.21,46,47 Thirdly, lacrimal gland obstruction can 

result in aqueous tear deficiency through compromising aqueous tear delivery to the lacrimal 

sac, and may occur in cicatricial conjunctival diseases, such as trachoma, ocular cicatricial 

pemphigoid, erythema multiforme, graft-versus-host-disease, and chemical burns.21,48,49 

Lastly, aqueous tear deficiency can also be potentially exacerbated by various systemic 

medications, such as anticholinergic agents, antihistamines, antispasmodics, beta-blockers, and 

diuretics.21,50 
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Table 1. Causes of aqueous deficient dry eye disease 
Adapted from Bron et al.21 

  

 

Sjögren syndrome dry eye Non-Sjögren syndrome dry eye 
Primary Sjögren syndrome 
 
Secondary Sjögren syndrome 

• Rheumatoid arthritis 
• Polyarteritis nodosa 
• Systemic lupus erythematosis 
• Wegener granulomatosis 
• Systemic sclerosis 
• Primary biliary cirrhosis 
• Mixed connective tissue disease 

Intrinsic lacrimal gland deficiency 
• Lacrimal gland ablation 
• Congenital alacrima 
• Triple A syndrome 

 
Age-related aqueous deficient dry eye 
 
Inflammatory and other lacrimal gland infiltration 

• Sarcoidosis 
• Lymphoma 
• Viral infection 
• Radiation injury 

 
Lacrimal gland obstruction 
Cicatricial conjunctivitis 

• Graft versus host disease 
• Stevens-Johnson syndrome and toxic epidermal 

necrolysis 
• Mucous membrane pemphigoid 
• Cicatricial pemphigoid 
• Pemphigus 
• Trachoma 
• Chemical injury 

Lacrimal gland hyposecretory states Other Disorders 
Reflex afferent block 

• Topical anaesthesia 
• Trigeminal nerve injury 
• Refractive surgery 
• Neurotrophic keratitis 
• Secretomotor block 
• Parasympathetic damage 
• Pharmacological inhibition 

 
Combined afferent and efferent block 

• Familial dysautonomia 
 

• Meige syndrome 
• Diabetes mellitus 
• Pseudoexfoliation 



 

 11 

1.3.3. Evaporative dry eye disease 
 

Evaporative dry eye disease (EDE) is widely acknowledged to be the more common etiological 

subtype, and is characterised by excessive aqueous tear evaporation, usually secondary to 

compromised barrier function of the surface tear film lipid layer or a reduction in ocular surface 

wettability.21,34 There are multiple causes which might trigger the development of evaporative 

dry eye disease (Table 2), although meibomian gland dysfunction (MGD) is recognised to be 

a leading contributor.21,34,51,52 In meibomian gland dysfunction, hyperkeratinisation and the 

increased viscosity of gland secretions can predispose towards stasis, obstruction, 

inflammation, and atrophy of the ductal system, and lead to accelerated gland loss and 

dropout.21,51 These pathophysiological mechanisms eventuate in the reduced delivery of 

meibum to the tear film, thereby diminishing the quality and integrity of the surface lipid layer 

and compromising the inhibition of excessive aqueous tear evaporation.21,51 Secondly, a 

number of other localised conditions and processes, including anterior blepharitis, ocular 

surface inflammation, contact lens wear, lid aperture disorders, and diminished blink rate and 

quality, can also lead to disruption of the tear film lipid layer and increased propensity to the 

development of evaporative dry eye disease.21,37,53-55 In addition, systemic dermatological 

conditions, including psoriasis, rosacea, atopic dermatitis, and seborrheic dermatitis, 21,56 as 

well as exposure to a number of chemical agents, including isotretinoin, polychlorinated 

biphenols, antiandrogens, and topical benzalkonium chloride-containing antiglaucoma 

medications can also predispose to evaporative dry eye disease.21,57-59 Lastly, conditions such 

as allergic ocular disease and systemic vitamin A deficiency, can lead to decreased ocular 

surface wettability through adverse changes of the corneal and conjunctival epithelial 

glycocalyx and goblet cells, consequently contributing to the development evaporative dry eye 

disease.21,60 
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Table 2. Causes of evaporative dry eye disease 
Adapted from Bron et al. 21 
 

  

Lid-related 
evaporative dry eye disease 

Disorders of lid aperture, 
congruity, dynamics 

Ocular surface-related 
evaporative dry eye disease 

Meibomian gland dysfunction 
Primary 

• Meibomian seborrhea 
• Obstructive meibomian 

gland dysfunction 
(cicatricial, non-cicatricial) 

 
Secondary to local disease 

• Anterior blepharitis 
• Ocular surface inflammation 
• Contact lens wear 

 
Secondary to systemic dermatoses 

• Rosacea 
• Seborrheic dermatitis 
• Atopic dermatitis 
• Ichthyosis 
• Psoriasis 

 
Secondary to chemical exposure 

• 13-cis retinoic acid 
• Polychlorinated biphenols 
• Antiandrogens 

 
Genetically determined 

• Meibomian agenesis and 
distichiasis 

• Anhidrotic ectodermal 
dysplasia 

• Ectrodactyly syndrome 
• Epidermolysis bullosa 
• Ichthyosis follicularis 
• Turner syndrome 

Blink-related 
• Parkinson's 

disease 

• Allergic eye disease 
• Vitamin A deficiency 
• Short breakup time dry eye 
• Iatrogenic disease 
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1.3.4. Asymptomatic ocular surface disease 
 

In recent years, there has been increasing acknowledgement of the group of patients exhibiting 

clinical signs of ocular surface disease in the absence of subjective dry eye symptomology.34,42 

Indeed, clinical signs of ocular surface disease might be identified incidentally during routine 

ophthalmic examination in the pre-operative setting, or prior to contact lens fitting.34,42 

Asymptomatic ocular surface disease might occur in the context of reduced corneal sensation 

secondary to neurotrophic conditions,3,21,37 but can also represent prodromal signs associated 

with increased risk of developing dry eye disease with time or provocation,61,62 such as 

following ophthalmic surgery or contact lens fitting,37 and careful monitoring and preventative 

management approaches may be warranted.14 

 

There is considerable overlap between the therapeutic management for patients with dry eye 

disease and asymptomatic ocular surface disease,14,34 which are discussed in further detail in 

Section 1.7.2 of this chapter. However, the differentiation of this subgroup of asymptomatic 

patients can facilitate the development of clinical management approaches and targets that 

account for these differences in baseline status.14,34 Of note, there might be heavier emphasis 

on preventative interventions, such as risk factor modification.14 Furthermore, the therapeutic 

potential of any self-applied therapy can be limited by patient adherence, which, in turn, might 

be influenced by perceived efficacy, convenience or any potential adverse effects.63 Without 

appropriate patient advice and education prior to commencement of recommended therapies, 

the perceived efficacy and consequently the adherence to treatment might be unduly influenced 

by the absence of subjective symptomology.63 The lack of baseline symptoms in this particular 

group of patients with ocular surface disease would therefore have important implications for 

the way in which patient advice on management strategies should be offered, in order to 

encourage optimal long term patient adherence to the recommended therapeutic 

approaches.14,34,63 
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1.3.5. Pre-clinical dry eye and neuropathic pain 
 

Pre-clinical dry eye is characterised by subjective symptoms that are either incongruent or out 

of proportion with objective clinical ocular surface signs detected on ophthalmic 

examination.34 These cases can potentially reflect earlier pre-clinical stages of ocular surface 

disease,2,37 which may necessitate preventative management strategies, careful monitoring and 

surveillance for progression into dry eye disease, as well as providing patient advice, education, 

and reassurance.14 However, the potential co-existence of underlying neuropathic pain must 

also be carefully considered, whereby the sensitisation of the peripheral or central nervous 

system might have some contribution to the presenting symptoms.3 In these situations, referral 

to specialist chronic pain clinics may be required, given that the management of neurosensory 

abnormalities would typically be beyond the scope of conventional treatment strategies for dry 

eye disease.3,14  
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1.4. Pathophysiology 

 

From a clinical perspective, an understanding of the underlying pathophysiological 

mechanisms informs the effective diagnosis and management of dry eye disease. In particular, 

the assessment of the core features of the pathophysiological mechanisms of dry eye disease, 

through the evaluation of tear film stability, tear osmolarity, and ocular surface staining, forms 

the clinical signs component of the global consensus TFOS DEWS II diagnostic criteria,38 

which is discussed in further detail in Section 1.6.1 of this chapter. In addition, the 

consideration of potential etiological causes, through the assessment of aqueous tear production 

and meibomian gland function, are also critical components of the recommended 

subclassification testing scheme.34,38 

 

Regardless of etiological subtype, the central pathophysiological mechanisms of dry eye 

disease involve a self-perpetuating vicious circle of tear film instability, hyperosmolarity, 

ocular surface inflammation and damage, which culminate in a loss of homeostatic balance 

(Figure 2).21,41 In evaporative dry eye disease, such as that arising from meibomian gland 

dysfunction, deficiency in the surface lipid layer compromises inhibition of aqueous tear 

evaporation and leads to tear hyperosmolarity.41,64 In aqueous deficient dry eye disease, the 

reduction of aqueous fluid separating the superficial lipids from the epithelium bound mucins 

increases the risk of contamination and formation hydrophobic spots that accelerate tear film 

breakup and destabilisation, thereby exacerbating evaporative losses and tear 

hyperosmolarity.41 In both etiological subtypes, hyperosmolarity of the tear film can trigger 

multiple cascades of events, culminating in the release of inflammatory mediators and 

proteases. These inflammatory events can contribute to epithelial and goblet cell damage, as 

well as disruption of the epithelial glycocalyx, thereby affecting all tear film layers and ocular 

surface components.21,36 The overall reduction of tear volume, goblet cell mucin, and disruption 

to the epithelial tissues and corneal glycocalyx can drive further frictional damage of the ocular 

surface and destabilisation of the tear film.21,41 Finally, the resulting tear film instability 

exacerbates pre-existing evaporative losses and hyperosmolarity, completing the self-

perpetuating vicious circle of dry eye disease.21,41 It is also acknowledged that complex inter-

relationships may exist between the loss of ocular surface and tear film homeostasis and the 

development of neurosensory abnormalities.3,21  
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Figure 2. The vicious circle of dry eye disease 
Adapted from Baudouin et al.41 
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1.5. Epidemiology 

1.5.1. Prevalence and risk factors 
 

An understanding of the prevalence patterns of dry eye disease, as well as identification of 

modifiable and non-modifiable risk factors, is important for clinicians involved in the screening 

and assessment of the condition, and provides useful contextual background when providing 

patient education and advice.2  

 

While the considerable heterogeneity in disease definition and diagnostic thresholds introduced 

significant challenges when interpreting the results reported by previous studies, a meta-

analysis conducted by the TFOS DEWS II Epidemiology subcommittee concluded that the 

overall population prevalence of dry eye disease ranged between 5% to 50% in different parts 

of the world.2 Indeed, dry eye disease is among the most common chronic ophthalmic 

conditions encountered in clinical practice.62,65-70 Interestingly, higher prevalence estimates 

were reported in studies using criteria involving clinical tests for dry eye signs alone.2,62,68 

These findings would indicate the existence of a significant number of patients with 

asymptomatic ocular surface disease,34 and the clinical implications have been discussed earlier 

in Section 1.3.4 of the current chapter. 

 

Positive associations between the prevalence and severity of dry eye disease have been 

identified with a number of non-modifiable factors, including advancing age, Asian ethnicity, 

and female sex (Table 3).2,13,35,67,69-72 Appreciation of these demographic associations is useful 

in the clinical context, especially when considering which patients might benefit most from 

screening for dry eye disease.2 A variety of modifiable risk factors for dry eye disease have 

also been identified, including digital screen use, contact lens wear, low humidity and air-

conditioned conditions.2,13,32,37,67,69,73 Assessment and potential modification of these risk 

factors might be useful to consider when formulating management strategies and offering 

patient advice and education.14,73 

 

Various medical conditions were also found to have significant associations with dry eye 

disease, including meibomian gland dysfunction,62 connective tissue disease, Sjögren 

syndrome,74 andogren deficiency, estrogen replacement therapy,75 and hematopoietic stem cell 

transplantation.76 In addition, systemic medications including antihistamines, antidepressants, 
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anxiolytics, and isotretinoin were also classified as consistent risk factors. Knowledge of the 

systemic associations with dry eye disease can be incorporated as part of routine history taking 

when assessing patients presenting with dry eye disease,38 and may help to facilitate holistic 

and multidisciplinary management approaches. For example, the presence of mouth dryness 

and salivary gland swelling in addition to dry eye symptoms, especially when accompanied 

with musculoskeletal discomfort and systemic symptoms, might warrant referral to oral health 

and rheumatology services for consideration of diagnostic workup for autoimmune and 

rheumatologic conditions.38,77 This may potentially facilitate the detection of conditions such 

as Sjögren syndrome, the diagnosis of which is commonly delayed, with a recent estimate of 

the average time required to diagnose the condition being approximately 3 years.77 

 
 

 
 
Table 3. Risk factors for dry eye disease 
Summary of consistent, probable, and inconclusive risk factors of dry eye disease identified by the global 
consensus TFOS DEWS II Epidemiology report. Adapted from Stapleton et al.2  
  

 Consistent Probable Inconclusive 
Non-modifiable Ageing 

Female sex 

Asian race 

Meibomian gland dysfunction 

Connective tissue diseases 

Sjögren Syndrome 

Diabetes 

Rosacea 

Viral infection 

Thyroid disease 

Psychiatric conditions 

Pterygium 

Hispanic ethnicity 

Menopause 

Acne 

Sarcoidosis 

Modifiable Androgen deficiency 

Computer use 

Contact lens wear 

Hormone replacement therapy 

Hematopoietic stem cell 

transplantation 

 

Environment: pollution, low 

humidity, sick building 

syndrome 

 

Medications: antihistamines, 

antidepressants, anxiolytics, 

isotretinoin 

Low fatty acid intake 

Refractive surgery 

Allergic conjunctivitis 

 

Medications: 
anticholinergic, diuretics, 

beta-blockers 

 

Smoking 

Alcohol 

Pregnancy 

Demodex infestation 

Botulinum toxin 

injection 

 

Medications: 
multivitamins, oral 

contraceptives 
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1.5.2. Gaps in the contemporaneous literature 
 

A number of major gaps exist in the contemporaneous dry eye epidemiological literature. 

Although numerous systemic and lifestyle risk factors for dry eye disease have been raised, 

many are classified as probable or inconclusive on the basis of inconsistent findings being 

reported in the current literature,2,78,79 highlighting the ongoing need for further 

epidemiological research to clarify these associations. There has also been a lack of dry eye 

epidemiological studies conducted in the Southern Hemisphere over the past decade, as well 

as a significant paucity of scientific evidence investigating the natural history of dry eye 

disease.2 Moreover, the significant heterogeneity in methodological design, disease definition, 

diagnostic thresholds, study populations, and climatic exposures introduces considerable 

challenges when comparing the findings reported by earlier epidemiological studies.2,38 

 

The epidemiological studies presented in Chapter 4 of this thesis sought to address a number 

of these identified gaps in the contemporaneous literature, in reference to, where resources 

permitted, the global consensus TFOS DEWS II diagnostic criteria. The specific objectives of 

the individual studies presented in Chapter 4 are listed below: 

 

• Section 4.1 reports a cross-sectional study, which assesses the prevalence and sex 

differences of dry eye disease in a population-based cohort of 45-year-old New Zealand 

men and women. 

 

• Section 4.2 reports a cross-sectional study, which investigates the impacts of ageing on 

the natural history of dry eye disease development. 

 

• Section 4.3 reports a pooled analysis, which explores inter-ethnic differences in the 

natural history of dry eye disease development. 

 

• Section 4.4 reports a cross-sectional study, which investigates the impact of blinking 

patterns on the development of dry eye disease. 

 

• Section 4.5 reports a cross-sectional study, which evaluates the systemic risk factors 
of dry eye disease, aqueous tear deficiency, and meibomian gland dysfunction.  
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• Section 4.6 reports a retrospective analysis, which assesses the association between 

symptoms of xerostomia and dry eye in a cohort of community-dwelling older adults. 

 

• Section 4.7 reports a cross-sectional study which the investigates the impact of lifestyle 

factors on the development of dry eye disease. 

 

• Section 4.8 reports a literature review which explores the impacts of effect of eye 

cosmetics on the tear film.  

 

• Section 4.9 reports a cross-sectional study which assesses the relationship between dry 

eye disease, self-perceived health status and psychological stress burden. 
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1.6. Diagnosis 

1.6.1. TFOS DEWS II diagnostic criteria 
 

As alluded to in Section 1.5.2, the significant heterogeneity in dry eye disease diagnostic 

criteria in the existing literature have introduced considerable challenges when comparing and 

interpreting the findings reported in earlier studies, including within epidemiological research 

and clinical trials.2,38,39 The TFOS DEWS II Diagnostic Methodology subcommittee 

acknowledged the requirement to streamline and adopt consistent diagnostic criteria for use in 

future research and clinical practice.2,38,39 A systematic literature review of diagnostic accuracy 

studies of validated symptomology questionnaires, ocular surface and tear film measurements 

was conducted, prior to the development, by expert consensus, of a diagnostic battery of tests 

for dry eye disease.38 The overarching principles adopted by the TFOS DEWS II Diagnostic 

Methodology report for the selection of diagnostic tests for the global consensus criteria 

included diagnostic performance, minimal invasiveness, objectivity, and clinical applicability. 

The recommended tests for the diagnosis and assessment of the severity of dry eye disease are 

illustrated in Figure 3.38 

 
 

 
 
Figure 3. TFOS DEWS II dry eye disease diagnostic criteria 
Adapted from Wolffsohn et al.38   
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1. Aqueous deficient signs 
 

• Tear meniscus height <0.2mm 

 

TFOS DEWS II Diagnostic Criteria 
 
1. Symptomology screening 
 
One of the following: 

• DEQ-5 score ≥6 
• OSDI score ≥13 

 
 

2. Homeostasis marker assessment 
 
One of the following: 

• Non-invasive tear film breakup time <10s 
• Tear osmolarity ≥308mOsm/L 
• Inter-ocular difference in osmolarity >8mOsm/L 
• Corneal staining >5 spots 
• Conjunctival staining >9 spots 
• Lid margin staining ≥2mm length and ≥25% 

width 

2. Evaporative signs 
  

International Workshop on MGD criteria: 
• Tear film lipid layer grade ≤3 
• Meibomian gland expressibility 

grade ≥1 
• Expressed meibum grade ≥1 
• Presence of meibomian gland 

capping 
• Presence of eyelid margin 

telangiectasia 
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The TFOS DEWS II diagnostic methodology report recognised the need for clinicians and 

researchers to differentiate dry eye disease from other conditions affecting the ocular surface 

that might mimic or confound its diagnosis.34,38 A series of triaging questions was therefore 

developed for administration prior to conducting the diagnostic battery of tests to enable 

clinicians to identify differential diagnoses and co-morbidities, which might warrant 

therapeutic management prior to the treatment of any residual dry eye disease (Table 4).14  It 

also facilitates the differentiation of other ocular surface conditions, such as ocular infection 

and allergy, from dry eye disease.34 Positive responses to any of the triaging questions should 

prompt further exploration, as well as careful examination of any relevant clinical signs.38 

 

Consistent with the core principles of the updated global consensus TFOS DEWS II definition 

and classification scheme of dry eye disease, the presence of symptoms and at least one clinical 

sign of tear film homeostatic disruption are required for a diagnosis of dry eye disease to be 

made.34,38 The TFOS DEWS II Diagnostic Methodology report recommends the administration 

of one of two validated dry eye symptomology questionnaires, prior to consideration of 

conducting clinical tests for identifying tear film homeostatic disturbance. The 5-item Dry Eye 

Questionnaire (DEQ-5) and the Ocular Surface Disease Index (OSDI) were selected as the 

validated questionnaires of choice, and a positive symptom score requires a diagnostic cut-off 

score of either ≥6 on the DEQ-5, or ≥13 on the OSDI.38,80,81 

 

In the consideration of dry eye disease, the evaluation of ocular surface and tear film 

homeostatic markers would be triggered by the presence of a positive symptom score. The 

presence of tear film or ocular surface homeostatic disruption can be confirmed with positive 

scores in one or more of the following three measurements: (1) tear film stability, (2) tear 

osmolarity, or (3) ocular surface staining.38 

 

The TFOS DEWS II Diagnostic Methodology report recommends the use of non-invasive 

methods of tear film stability assessment, that involve detecting disruption in mires reflected 

from the surface of the tear film, wherever possible. Tear film instability is confirmed by a 

diagnostic cut-off breakup time value of <10 seconds.38 Although the use of automated 

measurements with topographic instruments, such as the Oculus Keratograph or Medmont 

E300 would be preferable, clinical devices including the  EasyTearView +, Polaris, and 

Tearscope may also be used, as an alternative, should automated instruments not be available. 

While the instillation of aqueous sodium fluorescein has traditionally been used to visualise 
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tear film breakup, the destabilising effects which artificially shorten breakup time 

measurements have been increasingly recognised, and the use of fluorescein is therefore 

generally not encouraged for the purposes of evaluating tear film stability.38,82 Minimal 

amounts of fluorescein applied via a wetted strip, should be considered only in situations where 

no non-invasive instrument is available.38,83 It is recommended that excess fluid be shaken off 

the strip prior to application to minimise the volume of fluid applied to the temporal canthal 

region, and that a yellow barrier filter be used to optimise visualisation and facilitate the 

recording of fluorescein break up time measurements.38  

 
 

 
 

Table 4. Triaging questions for dry eye disease and differential diagnoses 
Recommended initial triaging questions for the differential diagnoses of dry eye disease and other co-
morbidities. Adapted from Wolffsohn et al.38   

Triaging question Rationale 
How severe is the eye discomfort? Unless severe, dry eye presents with signs of irritation such 

as dryness and grittiness rather than pain. If pain is present, 
investigate for signs of trauma, infection, or ulceration. 
 

Do you have any mouth dryness or enlarged glands? 
 

Trigger for Sjögren syndrome investigation. 

How long have your symptoms lasted and was there 
any triggering event? 

Dry eye is a chronic condition, present from morning to 
evening, but generally worse at the end of the day, so if 
sudden onset or linked with and event, examine for trauma, 
infection or ulceration. 
 

Is your vision affected and does it clear on blinking? Vision is generally impaired with prolonged staring, but 
should largely recover after a blink; a reduction in vision 
which does not improve with blinking, particularly with 
sudden onset, requires and urgent ophthalmic examination. 
 

Are the symptoms or any redness much worse in one 
eye than the other? 

Dry eye is generally a bilateral condition, so if symptoms or 
redness are much greater in one eye than the other, detailed 
eye examination is required to exclude trauma and infection. 
 

Do the eyes itch, are they swollen, crusty, or have 
they given off any discharge? 

Itching is usually associated with allergies while a 
mucopurulent discharge is associated with ocular infection. 
 

Do you wear contact lenses? Contact lenses can induce dry eye signs and symptoms and 
appropriate management strategies should be employed by 
the contact lens prescriber. 
 

Have you been diagnosed with any general health 
conditions (including recent respiratory infections) 
or are you taking any medications? 

Patients should be advised to mention their symptoms to the 
health professionals managing their condition, as modified 
treatment may minimise or alleviate their dry eye. 
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Tear osmolarity is commonly evaluated using the TearLab system in the clinical setting.  

Measurements are taken for both eyes, and the measurement obtained on the eye with the higher 

osmolarity is recorded as the absolute tear osmolarity.38 In addition, the inter-ocular difference 

in osmolarity is also calculated, with recent evidence suggesting that increased variability is 

observed more commonly in patients with dry eye disease.38,84,85 The fulfilment of the 

diagnostic cut-off value of either an absolute tear osmolarity ≥308mOsm/L, or an inter-ocular 

difference in osmolarity of >8mOsm/L for measurements conducted with the TearLab 

osmometer would constitute a positive score for the presence of tear film homeostatic 

disturbance.38  As yet, validated osmolarity cut-off values for other osmometers have not been 

reported. 

 

Ocular surface staining is assessed by slit lamp biomicrocopy, following instillation of both 

sodium fluorescein and lissamine green dyes, and with application of a yellow filter to optimise 

evaluation of flurosecein staining. A positive staining score reflects the presence of any one of 

the following: (1) corneal fluorescein staining of >5 spots, (2) conjunctival lissamine green 

staining of > 9 spots, or (3) combined fluorescein and lissamine green lid margin staining that 

extends at least 2mm along the length, and at least 25% of the depth of the lid margin.38 

 

Should the diagnosis of dry eye disease be made following assessment of clinical signs and 

symptoms, it is then important to assess the relative contribution of aqueous tear deficiency 

and evaporative disease through the subtype classification testing scheme, in order to tailor  

management to the individual needs of the presenting patient.14,38 As a non-invasive test, tear 

meniscus height measurement is the preferred diagnostic test for aqueous deficiency, and 

values of less than 0.2mm are suggestive of tear deficiency.38 Although other indirect 

measurements of tear volume and aqueous tear production, including the phenol red thread test 

and the Schirmer test exist, these are less preferable due to the invasive nature of the assessment 

technique, particularly with the Schirmer test. Furthermore, it should be noted that 

measurements conducted under topical anaesthesia are not deemed suitable alternatives 

because they fail to exhibit sufficient reliability or repeatability.38 

 

Meibomian gland dysfunction is recognised to be leading contributor of evaporative dry eye 

disease, and the evaluation of gland morphology and function is therefore also warranted as 

part of a dry eye workup.2,21,38 Gland morphology is generally evaluated through infrared 

meibography, while gland function can be assessed directly via diagnostic expression with a 
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dedicated calibrated device, such as the Johnson & Johnson TearScience Meibomian Gland 

Evaluator or simply by application of gentle digital pressure.86,87 In addition, a number of 

associated clinical signs, including meibomian gland capping and eyelid margin telangiectasia, 

can also be assessed on slit lamp biomicroscopy examination.87 Tear film lipid layer grade 

evaluation is another indirect assessment of meibomian gland function, and can be conducted 

qualitatively through viewing the interferometric patterns generated by the lipid layer with 

clinical instruments such as the EasyTear View +, CSO Polaris, Kowa DR1-α, or Oculus 

Keratograph, or quantitatively measured using the Johnson & Johnson TearScience 

LipiView.38 
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1.6.2. Gaps in the contemporaneous literature 
 

The TFOS DEWS II criteria heralds the first global consensus diagnostic criteria for dry eye 

disease to have been developed,38 and was devised by expert consensus based on the best 

available scientific evidence at the time. Nevertheless, significant limitations exist within the 

contemporaneous literature, including the considerable variation in methodological design, 

disease definition, and reference standards utilised in existing diagnostic accuracy studies,38 as 

well as the lack of direct comparison studies of clinical tests within the same study populations. 

Furthermore, in the absence of empirical evidence, the selection of the recommended validated 

symptomology questionnaires, and the determination of many of the diagnostic thresholds 

adopted, needed to rely on consensual expert opinion alone.38 

 

The diagnostic accuracy studies presented in Chapter 3 of this thesis sought to explore these 

gaps in the contemporaneous literature. Direct comparison studies assessing the diagnostic 

performance of clinical tests for dry eye disease were conducted using the global consensus 

TFOS DEWS II criteria as the reference standard, and optimal diagnostic thresholds were 

determined by empirical evaluation. The specific objectives of the individual studies presented 

in Chapter 3 are listed below: 

 

• Section 3.1 reports a diagnostic accuracy study, which compares the diagnostic 

performance of five validated dry eye symptomology questionnaire, including the 

OSDI, DEQ-5, McMonnies Dry Eye Questionnaire, SANDE, and SPEED scores. 

 

• Section 3.2 reports a randomised crossover study, which compares the diagnostic 

performance of fluorescein and non-invasive tear film breakup time. 

 

• Section 3.3 reports a diagnostic accuracy study, which compares the diagnostic 

performance of tear osmolarity and inter-ocular variability measurements. 

 

• Section 3.4 reports a diagnostic accuracy study, which compares the diagnostic 

performance of lid wiper epitheliopathy and corneal staining. 
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• Section 3.5 reports a diagnostic accuracy study, which compares the diagnostic 

performance of markers of meibomian gland dysfunction, including tear film lipid layer 

grade, expressed meibum quality, meibomian gland capping and dropout, and eyelid 

margin telangiectasia. 

 

• Section 3.6 reports a diagnostic accuracy study, which evaluates the diagnostic 

agreement between a rapid non-invasive assessment algorithm, consisting of the 

SANDE questionnaire, non-invasive tear film breakup time, tear film lipid layer grade, 

and tear meniscus height, with the global consensus TFOS DEWS II diagnostic criteria 

for dry eye disease. 
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1.7. Management 

1.7.1. Management principles 
 

The overarching goal in the management of dry eye disease is the restoration of ocular surface 

and tear film homeostasis, through breaking the self-perpetuating vicious circle of disease 

pathogenesis.14,21 It is recognised that the management of dry eye disease can be complex due 

to its multifactorial aetiology,14,21,34 and might require a multifaceted treatment approach. 

Determination of the overall disease severity, and the degree to which aqueous tear deficiency 

and evaporative disease might contribute towards the presentation, can be helpful in guiding 

the management strategies that might be best tailored for the individual patient,14 although 

other considerations including patient preference, cost, convenience, and the likelihood of long 

term adherence are also important.63 Nevertheless, considerable gaps are still acknowledged to 

exist in the contemporaneous literature, and future clinical research is required to provide 

empirical evidence to help tailor management strategies to different degrees of disease severity 

and etiological subtype.14,39 Typically, the management of dry eye disease requires ongoing 

treatment of chronic sequelae, and it is recognised that therapies vary in regard to whether they 

might target single or multiple aspects of the patient’s presentation.14 
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1.7.2. TFOS DEWS II management algorithm  
 

The global consensus TFOS DEWS II management algorithm (Table 5) recommends that 

triaging questions (Table 4), risk factor analysis (Table 3), diagnostic and subtype classification 

testing be conducted (Figure 3), as discussed in Section 1.6.1, prior to the selection of 

appropriate management strategies.14,38 Given the considerable variation in the severity and 

character of dry eye disease from patient to patient, the proposed management algorithm should 

not be viewed as a rigid sequential approach that is to be followed linearly. Instead, it serves 

as an organisational tool that provides a framework for disease management initiation, 

outlining treatments likely to benefit the majority of patients, followed by progression to more 

advanced and specific management therapies targeted at particular pathophysiological aspects 

of dry eye disease.14 In this stepwise approach, patients generally begin with conventional, low-

risk, easily accessible, patient-applied therapies in early stage disease. The progression to more 

advanced therapy would occur with increasing disease severity or following a lack of treatment 

response at a given level, although this should typically be instituted in conjunction with 

treatments selected from earlier levels of treatment. Based on the results of published clinical 

trials, the report notes that a treatment effect would be expected to be achieved within a period 

of around 1 to 3 months, with the exception of cyclosporin which can take several months to 

take effect. The management algorithm also recommends generalised treatment for patients 

with mixed aetiology, and the use of targeted therapies for patients presenting with a greater 

predominance of a certain etiological subtype.14,38 
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Table 5. TFOS DEWS II management algorithm for dry eye disease 
Adapted from Jones et al.14 
  

 
Step 1 • Education regarding condition, management and prognosis 

• Modification of local environment 

• Dietary modifications, including oral essential fatty acid 

supplementation 

• Modification of offending systemic and topical medications 

• Ocular lubricants, including lipid-containing supplements if MGD 

is present 

• Lid hygiene and warm compresses 

Step 3 • Oral secretagogues 

• Autologous/allogeneic serum eye drops 

• Therapeutic contact lens options, including soft bandage lenses 

and rigid scleral lenses 

Step 2 • Non-preserved ocular lubricants to minimise preservative-induced 

toxicity 

• Tea tree oil treatment for Demodex if present 

• Tear conservation, including punctal occlusion and moisture 

chamber devices 

• Overnight treatments, including ointment and moisture chamber 

devices. 

• In-office physical heating and expression of the meibomian 

glands, including device-assisted therapies such as LipiFlow 

• In-office intense pulsed light therapy for MGD 

• Topical antibiotic or antibiotic/ steroid combination applied to the 

lid margins for anterior blepharitis if present 

• Limited duration course of topical corticosteroid therapy 

• Topical secretagogues 

• Topical non-glucocorticoid immunomodulatory drugs, including 

cyclosporine 

• Topical LFA-1 antagonist drugs, including lifitegrast 

• Oral macrolide or tetracycline antibiotics 

Step 4 • Longer duration course of topical corticosteroid therapy 

• Surgical approaches, including amniotic membrane grafts, 

surgical punctal occlusion, tarsorrhaphy, and salivary gland 

transplantation 
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The first step involves patient education regarding their condition, management, treatment and 

prognosis.14 Advice regarding modification of local environments might be offered, such as 

the avoidance of environments with excessive air flow or low relative humidity.37 Education 

regarding potential dietary modification should be provided, and might include oral essential 

fatty acid supplementation,14,88 although it is acknowledged that mixed findings have been 

reported in the literature.89,90 Careful review of the patient’s systemic and topical medications 

may be warranted, and considerations for potential modification and elimination might require 

multidisciplinary discussion with general practice, ophthalmic, or other medical services.2,37 

Ocular lubricants,91,92 lid hygiene93 and warm compress therapies94,95 would be recommended 

at this stage and, if meibomian gland dysfunction is present, lipid-containing supplements 

could be considered.14,92,96 

 

The second step involves treatment with non-preserved lubricants, in favour of preserved 

lubricants, in order to minimise the risk of the preservative-induced toxicity associated 

increased frequency of instillation.14,97 Should ocular infestation with Demodex be suspected 

on slit lamp biomicroscopy by the presence of cylindrical collarettes at the lash base, a tea tree 

oil-based treatment would be recommended.98 Tear conservation therapies, including punctal 

occlusion or moisture-retaining spectacles, as well as overnight treatments such as ointment or 

moisture chamber devices, might also be considered.14 In-office, device-assisted therapies for 

physical heating and meibomian gland expression, such as the Johnson & Johnson TearScience 

LipiFlow, may also be helpful in offering a longer lasting option following a single treatment, 

although comparable outcomes are achievable with diligent warm compress application and 

regular therapeutic expression.99 The potential indication of prescription medications, 

including topical antibiotics for anterior blepharitis, limited-duration topical corticosteroids, 

secretagogues, lymphocyte function-associated antigen 1 (LFA-1) antagonists, or 

immunomodulatory drugs, as available, as well as topical or oral macrolide or tetracycline 

antibiotic therapy would warrant careful consideration.14 

 

The third step would typically be reserved for severe disease which is unresponsive to the 

management strategies in the first two steps. The TFOS DEWS II Management and Therapy 

report recommends consideration of oral secretagogue therapy, autologous serum eye drop 

application, and therapeutic contact lens options such as soft bandage or rigid scleral lenses in 

these cases.14 
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In the fourth and final step, advanced therapeutic options including amniotic membrane grafts, 

surgical punctal occlusion, and other surgical approaches including tarsorrhaphy and salivary 

gland transplantation might be indicated for the most severe cases of dry eye disease, which 

are refractory despite therapeutic management at all other levels.14 
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CHAPTER 2. METHODOLOGY 
 

This chapter provides a general overview of the methodology used in the diagnostic accuracy 

and epidemiological studies presented this thesis. Further details will be discussed in Chapters 

3 and 4 of this thesis, in instances where the specific methodology of an individual study differs 

from those described in the current chapter. 

 

The content of this chapter overlaps with the following peer-reviewed publications: 

 
• Wang MTM, Xue AL, Craig JP. Comparative evaluation of five validated symptom 

questionnaires as screening instruments for dry eye disease. JAMA Ophthalmology. 

2019;137(2):228-9. 

 
• Wang MTM, Craig JP.  Comparative evaluation of clinical methods of tear film stability 

assessment: a randomised crossover study. JAMA Ophthalmology. 2018;136(3):291-

294. 

 
• Wang MTM, Ormonde SE, Muntz A, Craig JP. Diagnostic profile of tear osmolarity 

and inter-ocular variability for dry eye disease. Clinical and Experimental 

Ophthalmology. 2020;48(2):255-257. 

 
• Wang MTM, Dean SJ, Xue AL, Craig JP. Comparative performance of lid wiper 

epitheliopathy and corneal staining in detecting dry eye disease. Clinical and 

Experimental Ophthalmology. 2019;47(4):546-548. 

 
• Wang MTM, Dean SJ, Muntz A, Craig JP. Evaluating the diagnostic utility of 

evaporative dry eye disease markers. Clinical and Experimental Ophthalmology. 

2020;48(2):267-270. 

 
• Wang MTM, Xue AL, Craig JP. Screening utility of a rapid non-invasive dry eye 

assessment algorithm. Contact Lens and Anterior Eye. 2019;42(5):497-501. 

 
• Craig JP, Wang MTM, Ambler A, Cheyne K, Wilson GA. Characterising the ocular 

surface and tear film in a population-based birth cohort of 45-year old New Zealand 

men and women. The Ocular Surface. 2020; 8(4):808-813. 
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• Wang MTM, Muntz A, Lim J, Kim JS, Lacerda L, Arora A, Craig JP. Ageing and the 

natural history of dry eye disease: a prospective registry-based cross-sectional study. 

The Ocular Surface. 2020;18(4):736-741.  

 

• Wang MTM, Tien L, Han A, Lee JM, Kim D, Markoulli M, Craig JP. Impact of 

blinking on ocular surface and tear film parameters. The Ocular Surface. 

2018;16(4):424-429. 

 

• Wang MTM, Vidal-Rohr M, Muntz A, Diprose WK, Ormonde SE, Wolffsohn JS, Craig 

JP. Systemic risk factors of dry eye disease subtypes: a New Zealand cross-sectional 

study. The Ocular Surface. 2020;18(3):374-380. 

 

• Wang MTM, Muntz A, Mamidi B, Wolffsohn JS, Craig JP. Modifiable lifestyle risk 

factors for dry eye disease. Contact Lens and Anterior Eye. 2021 (online ahead of print). 

doi: 10.1016/j.clae.2021.01.004. 

 

• Wang MTM, Muntz A, Wolffsohn JS, Craig JP. Association between dry eye disease, 

self-perceived health status, and self-reported psychological stress burden. Clinical and 

Experimental Optometry. 2021 (online ahead of print). 

doi: 10.1080/08164622.2021.1887580. 
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2.1. Participants 

2.1.1. Auckland Dry Eye Epidemiology Study 
 

The Auckland Dry Eye Epidemiology Study is a multi-arm cross-sectional study based on an 

ongoing prospective registry database of 2529 community residents from the Auckland region. 

Participants were recruited to a single university centre via open advertisement. To minimise 

differences in environmental and climatic exposure, participants were required to be local 

community residents who had lived in the Auckland region for at least 15 years, or Auckland-

born and raised for those aged 15 years and under. Furthermore, eligibility required participants 

to have no contact lens wear 48 hours prior to study participation; and no ophthalmic surgery 

in the previous three months. Eligible participants were enrolled after providing written 

consent, or after obtaining their assent, as well as written consent from a parent or guardian, 

for those aged 15 years and under. 

 

2.1.2. Dunedin Multidisciplinary Health and Developmental Study 
 

The Dunedin Multidisciplinary Health and Development Study is a longitudinal study of the 

health and behaviour of a population-representative birth cohort of individuals born between 

April 1 1972 and March 31 1973 in Dunedin, New Zealand.100 The 1037 participants of the 

original birth cohort comprised of 91% of all eligible births on the basis of residence in the 

province, and participation in assessments at birth and 3 years of age.100 This cohort matches 

the socioeconomic status distribution of the general population of the South Island of New 

Zealand; key health indicators of the adult population of the New Zealand National Health and 

Nutrition Survey, including body mass index, smoking, and general practitioners visits; and 

educational attainment of New Zealand citizens of the same age based on the New Zealand 

census.100 Participants were predominantly self-identified New Zealand European ethnicity 

(93%), matching the demographic characteristics of the general population of the South Island 

of New Zealand.100 The Dry Eye Sub-study followed up 885 of the 997 participants still alive 

at the age of 45 years. Written informed consent was obtained from cohort participants prior to 

study participation. 

 



 

 36 

2.2. Measurements 

 

Clinical assessments were conducted, wherever practicable, in accordance with the 

recommendations of the TFOS DEWS II Diagnostic Methodology subcommittee.38 Ocular 

surface parameters were evaluated on the right eye of each participant. To minimise the impact 

on ocular surface and tear film physiology for subsequent assessments, clinical measurements 

were performed in ascending order of invasiveness,38 as listed in Table 6, with an interval of at 

least 90 seconds between measurements to minimise the impacts of reflex tearing. 

 

 

Assessments 

1. Epidemiology questionnaire 

2. Dry eye symptomology questionnaires 

3. Conjunctival hyperaemia 

4. Tear meniscus height 

5. Non-invasive tear film breakup time 

6. Tear film lipid layer grade 

7. Tear osmolarity 

8. Slit lamp biomicroscopy examination 

9. Ocular surface staining 

10. Meibomian gland expressibility 

11. Infrared meibography 
 
Table 6. Order of clinical assessments performed during study visit 
 

 

Participants of the Auckland Dry Eye Epidemiology Study underwent clinical testing by a 

member of the research team based at the Ocular Surface Laboratory within the University of 

Auckland. Participants of the Dunedin Multidisciplinary Health and Development Study 

underwent clinical testing by the dedicated research team at the Dunedin Study Research Unit 

within the University of Otago, although lipid layer interferometry video recordings, tear 

meniscus height and infrared meibography images were independently interpreted and graded 

by the doctoral candidate, in a masked fashion, without reference to other clinical parameters.   
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The diagnostic criteria for dry eye disease, aqueous tear deficiency, and meibomian gland 

dysfunction in the Auckland Dry Eye Epidemiology Study were based on the global 

consensus recommendations of the TFOS DEWS II Diagnostic Methodology subcommittee 

and the International Workshop on Meibomian Gland Dysfunction,38,87 as discussed earlier in 

Section 1.6.1. The diagnostic criteria used in the Dunedin Multidisciplinary Health and 

Development Study were based on the rapid non-invasive assessment algorithm, which has 

been previously validated against the global consensus TFOS DEWS II diagnostic criteria for 

dry eye disease, as discussed later in Section 3.6 and the subsequently generated peer-

reviewed publication.101 

 

2.2.1. Epidemiology questionnaire 
 

An epidemiology questionnaire was administered and summarised in Table 7. Demographic 

characteristics, including age, sex, and self-identified ethnicity according to the New Zealand 

census categories were recorded. Past medical history, including diagnosed medical conditions, 

ophthalmic surgery, oral medications, and topical ophthalmic medications were recorded. 

Lifestyle factors assessed in the questionnaire included contact lens wear, urban or rural 

residential area, educational attainment, digital screen exposure, exposure to air-conditioned or 

centrally heated environments, exercise, outdoor activity, sleep, diet, water intake, caffeine 

intake, alcohol consumption, and smoking. Participants were asked to rate self-perceived health 

status on a 4-point scale: 1, poor health status; 2, fair health status; 3, good health status; 4, 

excellent health status; and to rate self-reported psychological stress burden on a 3-point scale: 

1, minimal stress burden; 2, moderate stress burden; 3, high stress burden. 
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Epidemiology questionnaire items 
Demographic characteristics 

• Age (years) 
• Sex (male, female, other) 
• Self-identified ethnicity according to the New Zealand census categories (European, East 

Asian, South Asian, other) 
Past medical history 

• Medical conditions (acne vulgaris, allergic rhinitis, anxiety, asthma, diabetes, depression, 
dyslipidaemia, eczema, hypertension, malignancy, migraine headaches, menopause, 
ovarian dysfunction, systemic rheumatologic disease, thyroid disease, other) 

• Ophthalmic surgery (cataract surgery, refractive surgery, other) 
• Oral medications (antidepressant medication, antihistamine medication, antihypertensive 

medication, hormone replacement therapy, oral contraceptive therapy, sedative 
medication, other) 

• Topical ocular medications (topical anti-glaucoma medication, topical antihistamine 
medication, other) 

Lifestyle factors 
• Contact lens wear (yes, no) 
• Residential area (urban, rural, other) 
• Work or education activities (hours per weekday) 
• Highest educational attainment (primary, secondary, tertiary, other) 
• Digital screen exposure (hours per day) 
• Air-conditioned or centrally heated environment exposure (hours per day) 
• Exercise (hours per day) 
• Outdoor activity (hours per day) 
• Sleep (hours per day) 
• Diet (non-vegetarian, vegetarian, other) 
• Water intake (cups per day) 
• Caffeine intake (servings per day) 
• Alcohol consumption (units per week) 
• Smoking (yes, no) 

Self-perceived health status (poor, fair, good, excellent) 
Self-reported psychological stress burden (minimal, moderate, high stress burden) 

 

Table 7. Summary of epidemiology questionnaire 
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2.2.2. Dry eye symptomology 
 

Dry eye symptomology was graded using five validated questionnaires: Ocular Surface Disease 

Index (OSDI), 80 5-Item Dry Eye Questionnaire (DEQ-5),81 McMonnies Dry Eye 

Questionnaire,102 Symptom Assessment iN Dry Eye (SANDE),103 and Standard Patient 

Evaluation of Eye Dryness (SPEED) questionnaires.104 The overall SANDE score was 

calculated as the geometric mean of the frequency and severity scores.105 

 

2.2.3. Tear film parameters 
 
Tear meniscus height, non-invasive tear film breakup time, and tear film lipid layer grade were 

assessed using the Keratograph 5M (Oculus Optikgeräte GmbH, Wetzlar, Germany). The 

lower tear meniscus height was evaluated using high magnification pre-calibrated digital 

imaging, and three measurements near the centre of the lower meniscus were averaged.38 

 

Non-invasive tear film breakup time was measured using automated detection of first break-

up, while the subject maintained fixation and was requested to refrain from blinking. Three 

breakup time readings were averaged in each case.38 

 

Tear film lipid layer interferometry was graded for statistical purposes according to the 

modified Guillon-Keeler system: grade 1, open meshwork; grade 2, closed meshwork; grade 

3, wave or flow; grade 4, amorphous; grade 5, coloured fringes; grade 0, non-continuous layer 

(non-visible or abnormal coloured fringes).106,107 

 

Tear osmolarity measurements were conducted with a clinical osmometer (TearLab Osmolarity 

System, California, USA), from 50nL tear samples collected from the lower lateral tear 

meniscus. A measurement was taken for each eye, and the higher reading and the inter-ocular 

difference recorded.38 
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2.2.4. Ocular surface characteristics 
 

Bulbar and limbal conjunctival hyperaemia were evaluated according to automated objective 

evaluation of high magnification digital imaging by the Keratograph 5M (Oculus Optikgeräte 

GmbH, Wetzlar, Germany), using the proprietary JENVIS grading scale from 0 to 4, in 

ascending severity.38,93 

 

Lid margin and eyelash abnormalities, including lid margin notching, telangiectasia, 

meibomian gland capping, anterior blepharitis signs, and lid parallel conjunctival folds 

(LIPCOF) were assessed by slit lamp biomicroscopy examination. Grading of the clinical 

features was based on a four-point scale: grade 0, absent; grade 1, mild; grade 2, moderate; 

grade 3, severe.87,108  

 

Sodium fluorescein and lissamine green dyes were applied using the recommended technique 

described in the TFOS DEWS II Diagnostic Methodology report,38 in order to evaluate 

localised corneal and conjunctival areas of epithelial compromise. Staining was recorded using 

the modified Oxford grading scheme,109 where the nasal and temporal conjunctiva were each 

divided into three areas and the cornea into five areas. Staining was graded from 0 to 5 with 

increasing confluence in each area and summed to provide a maximum score of 55. Lid wiper 

epitheliopathy (LWE) was evaluated relative to Korb’s grading on a four-point scale: 0, <2mm 

length and <25% width; 1, 2mm to 4mm length and 25% to 49% width; 2, 5mm to 9mm length 

and 50% to 74% width; and 4,  ≥10mm length and ≥75% width.110 

 

Expressibility of the inferior eyelid meibomian glands was assessed with the Meibomian Gland 

Evaluator™ (TearScience®, North Carolina, USA), with a standardised pressure of 1.2g/mm2 

applied just inferior to the nasal, central, and temporal aspects of the eyelid margin.38 The 

number of meibomian orifices yielding lipid secretions was graded on a five-point scale: 0, 

more than 75%; 1, 50% to 75%; 2, 25% to 50%; 3, less than 25%; 4, none.87,111 The quality of 

expressed meibum was graded as: grade 0, clear fluid; grade 1, slightly turbid; grade 2, thick 

opaque; grade 3, toothpaste like; grade 4, complete orifice blockage.87,111  
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Infrared meibography was imaged with the Keratograph 5M (Oculus Optikgeräte GmbH, 

Wetzlar, Germany), with the superior and inferior eyelids everted in turn. From the captured 

images, the proportion of meibomian glands visible within the tarsal area were graded 

according to the five-point Meiboscale: 0, 0%; 1, 1% to 25%; 2, 26% to 50%; 3, 51% to 75%, 

4, 76% to 100%.112 Objective analysis was then conducted using Image J software, with the 

visible meibomian glands being outlined, and the relative area of meibomian gland dropout 

being calculated by dividing the area with no visible glands by the entire conjunctival 

area.112,113  
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CHAPTER 3. DIAGNOSTIC ACCURACY STUDIES 
 

This chapter presents six diagnostic accuracy studies, which sought to examine significant gaps 

in the contemporaneous dry eye diagnostic methodology literature, as discussed in Section 

1.6.2. 

 

The content of this chapter overlaps with the following peer-reviewed publications: 

 

• Wang MTM, Xue AL, Craig JP. Comparative evaluation of five validated symptom 

questionnaires as screening instruments for dry eye disease. JAMA Ophthalmology. 

2019;137(2):228-9. 

 

• Wang MTM, Craig JP.  Comparative evaluation of clinical methods of tear film stability 

assessment: a randomised crossover study. JAMA Ophthalmology. 2018;136(3):291-

294. 

 

• Wang MTM, Ormonde SE, Muntz A, Craig JP. Diagnostic profile of tear osmolarity 

and inter-ocular variability for dry eye disease. Clinical and Experimental 

Ophthalmology. 2020;48(2):255-257. 

 

• Wang MTM, Dean SJ, Xue AL, Craig JP. Comparative performance of lid wiper 

epitheliopathy and corneal staining in detecting dry eye disease. Clinical and 

Experimental Ophthalmology. 2019;47(4):546-548. 

 

• Wang MTM, Dean SJ, Muntz A, Craig JP. Evaluating the diagnostic utility of 

evaporative dry eye disease markers. Clinical and Experimental Ophthalmology. 

2020;48(2):267-270. 

 

• Wang MTM, Xue AL, Craig JP. Screening utility of a rapid non-invasive dry eye 

assessment algorithm. Contact Lens and Anterior Eye. 2019;42(5):497-501. 
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3.1. Dry eye symptomology questionnaires 

3.1.1. Background 
 

Validated questionnaires are frequently used to screen for dry eye symptoms, prior to the 

assessment of tear film homeostasis markers.38 A wide range of instruments are currently 

available,38,81,103,114-116 however, it remains uncertain whether their diagnostic comparability 

might be affected by the differing emphasis on ocular symptomology, visual function, and 

quality of life measures. Recently, the TFOS DEWS II reports recommended the use of the 

Ocular Surface Disease Index (OSDI) and 5-Item Dry Eye Questionnaire (DEQ-5) as part of 

the global consensus diagnostic criteria for dry eye disease, as discussed in Section 1.6.1.38 

This diagnostic accuracy study sought to compare the discriminative ability of five commonly 

used dry eye symptomology questionnaires in detecting objective signs of dry eye disease, 

including the OSDI, DEQ-5, McMonnies Dry Eye Questionnaire, Symptom Assessment iN 

Dry Eye (SANDE), and Standard Patient Evaluation of Eye Dryness (SPEED). 

 

3.1.2. Methods 
 

Participants of this prospective, investigator-masked, diagnostic accuracy study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants to be ≥18 years of age, with no history of uncontrolled major 

systemic disease, and no use of systemic or topical medications known to affect the eye for at 

least three months prior to study participation. A total of 211 eligible participants were 

recruited, exceeding the sample size requirements for the desired study power. Diagnostic 

accuracy power calculations showed that a minimum of 153 participants were required, with 

an estimated prevalence of clinical dry eye signs of 50%, anticipated sensitivity value of 70%, 

at 80% power (β=0.2) and a two-sided statistical significance level of 5% (α=0.05). Sample 

size estimates were determined using NCSS PASS 2002 (Utah, USA). 

 

Clinical assessments were evaluated in a single session, as described in Section 2.2. The order 

of clinical assessments conducted during the study visit are listed in Table 8. Brief standardised 

instructions were provided before administering the OSDI, DEQ-5, McMonnies, SANDE, and 

SPEED questionnaires in a randomised order. An independent observer then evaluated right 
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eye ocular surface parameters. The presence of clinical signs of dry eye disease, as defined by 

the global consensus TFOS DEWS II diagnostic criteria discussed in Section 1.6.1, was used 

as the reference standard, and is summarised in  

Table 9.38  
 

Statistical analysis was conducted with Graph Pad Prism version 6.02 (California, USA). 

Receiver operating characteristic curves were constructed to compare the discriminative ability 

of the validated symptomology questionaries in detecting clinical signs of dry eye disease. The 

area under the curve (C-statistic), and Youden-optimal diagnostic cut-off sensitivity and 

specificity were calculated. All tests were two tailed, and p<0.05 was considered significant. 

All tests were two tailed, and p<0.05 was considered significant. Data are presented as 

mean±SD, median (IQR), or number of participants (% of participants) unless otherwise stated. 
 

 

Assessments 

1. Dry eye symptomology questionnaires (OSDI, DEQ-5, McMonnies, SANDE, SPEED in a 
randomised order) 

2. Non-invasive tear film breakup time 

3. Tear osmolarity 

4. Ocular surface staining 
 
Table 8. Order of clinical assessments in dry eye symptomology questionnaires study 
 

 
Diagnosis Criteria 

 

Clinical signs of dry eye disease 
 

One of the following: 
 
• Non-invasive tear film breakup time <10s 
 
• Tear osmolarity ≥308mOsm/L 

 
• Interocular difference in osmolarity>8mOsm/L  
 
• Corneal staining > 5 spots 
 
• Conjunctival staining > 9 spots 

 
• Lid margin staining≥2mm length and ≥25% width 

  

 
Table 9. Diagnostic criteria in dry eye symptomology questionnaires study 
Diagnostic criteria for clinical signs of dry eye disease, as defined by the global consensus TFOS DEWS II 
criteria.38  
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3.1.3. Results  
 

The mean ± SD age of the 211 participants (124 females, 87 males) was 41±18 years. 

Demographic characteristics and ocular surface parameters of participants are presented in 

Table 10. 

 

 
Characteristic Value 

Demographics  
Age (years) 41±18 
Female sex  124 (59%) 
European ethnicity 128 (61%) 
East Asian ethnicity 54 (26%) 
South Asian ethnicity 24 (11%) 
Other ethnicity 5 (2%) 
Validated symptomology questionnaires  
OSDI score (out of 100) 25 (12-40) 
DEQ-5 score (out of 22) 8 (6-12) 
McMonnies score (out of 45) 16 (9-21) 
SANDE score, median (out of 100) 42 (18-66) 
SPEED score (out of 28) 12 (6-17) 
Clinical signs for dry eye disease  
TFOS DEWS II criteria for clinical signs of dry eye disease 146 (69%) 
Non-invasive breakup time (s) 8.6 (5.2-12.4) 
Tear osmolarity (mOsm/L) 310±12 
Inter-ocular difference in osmolarity (mOsm/L) 8±6 
Corneal fluorescein staining >5 spots 71 (34%) 
Conjunctival lissamine green staining > 9 spots 107 (51%) 
Lid margin staining ≥2mm length and ≥25% width 97 (46%) 

 
Table 10. Participant characteristics in dry eye symptomology questionnaires study 
Demographic characteristics and ocular surface parameters of participants. Data are presented as mean ± SD, 
median (IQR), or number of participants (% of participants). 
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Diagnostic accuracy values for the five dry eye symptomology questionnaires are presented in 

Table 11, and receiver operating characteristic curves are illustrated in Figure 4. The 

discriminative ability of the OSDI (C-statistic=0.65; 95% CI, 0.56-0.73; P<.001) and SANDE 

scores (C-statistic=0.63; 95% CI, 0.55-0.72; P=.002) were significantly greater than chance, 

but not the SPEED (C-statistic=0.58; 95% CI, 0.49-0.66; P=.09), DEQ-5 (C-statistic=0.56; 

95% CI, 0.47-0.65; P=.14), or McMonnies scores (C-statistic=0.55; 95% CI, 0.46-0.64; 

P=.20).  

 
 

Diagnostic accuracy value OSDI DEQ-5 McMonnies SANDE SPEED 
 
C-statistic (95% CI) 

 
0.65 

(0.56-0.73) 
 

 
0.56 

(0.47-0.65) 

 
0.55 

(0.46-0.64) 

 
0.63 

(0.55-0.72) 

 
0.58 

(0.49-0.66) 

Discriminative significance 
(p value) 
 

<0.001* 0.14 0.20 0.002* 0.09 

Youden-optimal diagnostic 
cut-off 
 

>14 >7 >14 >35 >10 

Sensitivity (95% CI) 78% 
(67%-88%) 

 

60% 
(47%-72%) 

57% 
(44%-69%) 

65% 
(52%-76%) 

60% 
(47%-72%) 

Specificity (95% CI) 50% 
(42%-58%) 

 

55% 
(46%-63%) 

60% 
(52%-68%) 

63% 
(55%-71%) 

52% 
(44%-60%) 

Positive likelihood ratio 
(95% CI) 

1.57 
(1.28-1.93) 

 

1.33 
(1.02-1.73) 

1.43 
(1.07-1.92) 

1.75 
(1.32-2.31) 

1.25 
(0.96-1.62) 

Negative likelihood ratio 
(95% CI) 

0.43 
(0.26-0.70) 

 

0.73 
(0.52-1.02) 

0.71 
(0.52-0.97) 

0.56 
(0.40-0.80) 

0.77 
(0.55-1.08) 

 
Table 11. Diagnostic accuracy values in dry eye symptomology questionnaires study 
Diagnostic accuracy values for the Ocular Surface Disease Index (OSDI), 5-Item Dry Eye Questionnaire (DEQ-
5), McMonnies Dry Eye Questionnaire, Symptom Assessment in Dry Eye (SANDE), and Standard Patient 
Evaluation of Eye Dryness (SPEED) questionnaires in detecting clinical signs of dry eye disease. Asterisks denote 
statistically significant values (p<0.05). 
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Figure 4. ROC curves for dry eye symptomology questionnaires study  
Discriminative ability of the Ocular Surface Disease Index (OSDI), 5-Item Dry Eye Questionnaire (DEQ-5), 
McMonnies Dry Eye Questionnaire, Symptom Assessment in Dry Eye (SANDE), and Standard Patient Evaluation 
of Eye Dryness (SPEED) questionnaires in detecting clinical signs of dry eye disease. 
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3.1.4. Discussion 
 

The TFOS DEWS II Diagnostic Methodology report highlighted the considerable 

heterogeneity in the study populations, methodological design, and reference standards used in 

previous diagnostic accuracy studies of validated symptomology questionnaires, as discussed 

in Section 1.6.2.38 This can introduce significant challenges when interpreting the relative 

performance of these screening instruments. To our knowledge, this is the first study which 

offers a direct comparison of the five validated dry eye symptomology questionnaires within 

the same study population, using the TFOS DEWS II diagnostic criteria for clinical dry eye 

signs as the reference standard. 

 

The findings of this study demonstrated that the OSDI and SANDE scores exhibited superior 

discriminative ability in detecting clinical signs of dry eye disease than the SPEED, DEQ-5, 

and McMonnies questionnaires. These findings differ slightly from the recommendations of 

the TFOS DEWS II Diagnostic Methodology Report, which selected the DEQ-5 and OSDI as 

the validated questionnaires of choice for assessing symptomology as part of the global 

consensus diagnostic criteria for dry eye disease, as discussed in Section 1.6.1.38 The OSDI 

questionnaire is a twelve-item screening instrument, which provides a comprehensive 

assessment of symptoms of dry eye disease, as well as associated impacts on visual function 

and quality of life.114 The SANDE questionnaire is based on two visual analogue scales which 

assesses the overall ratings of the frequency and severity of dry eye symptoms.103 The differing 

nature of the two questionnaires may suggest that their use might be more suitable in different 

contexts.38,103,114 For example, the OSDI questionnaire might be more useful when a global 

evaluation of dry eye symptoms and associated impacts on quality of life is required.114 On the 

other hand, the SANDE questionnaire is relatively shorter and less time consuming,103 and 

might be more suitable for repeated measurements taken over a period of time, such as when 

monitoring the therapeutic effects of treatments for dry eye disease. 

 

Interestingly, the optimal diagnostic cut-off values of the symptomology scores were similar 

to those previously established in the literature.38,81,103,114-116 However, the C-statistic, 

sensitivity and specificity values of the five validated questionnaires were all relatively modest, 

potentially reflecting the heterogeneous nature and complex inter-relationships between ocular 

surface homeostatic disturbances, somatosensory pathways, and symptomatic experiences of 
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dry eye disease.82,117 Overall, the modest diagnostic accuracy values of the validated dry eye 

symptomology questionnaires would support the TFOS DEWS II recommendations that 

careful evaluation for clinical signs of tear film homeostatic disturbance would be warranted, 

should a positive score be obtained on the screening symptomology questionnaires, as 

discussed in Section 1.6.1.38 

 

This study is not without limitations. The recruited participants were predominantly of 

European, East and South Asian ethnicity, and eligibility required participants to have 

undergone no surgical procedures 3 months before study participation. This may potentially 

affect the applicability of study findings to other ethnic groups, and the iatrogenic post-

operative dry eye conditions excluded. 

 

In conclusion, the results of the study showed that the OSDI and SANDE scores exhibited 

superior diagnostic performance over the SPEED, DEQ-5, and McMonnies questionnaires. 

However, the modest diagnostic accuracy values of all five validated dry eye questionnaires 

would support the TFOS DEWS II recommendations for assessing clinical signs of tear film 

homeostatic disturbance in patients in whom a positive symptomology score is reported. 
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3.2. Tear film stability 

3.2.1. Background 
 

Tear film breakup time measurement is a central component of dry eye assessment.38 Although 

topical instillation of sodium fluorescein via impregnated strips is commonly used to visualise 

breakup,118 it is recognised to reduce tear film stability.83 

 

Recently, the TFOS DEWS II reports recommended the use of automated non-invasive 

measurement techniques, which allows for objective assessment of the undisturbed tear film, 

as discussed in Section 1.6.1.38 The Keratograph 5M (Oculus Optikgeräte GmbH, Wetzlar, 

Germany) measures non-invasive breakup time by detecting distortion in the contours of 

reflected placido disc mires using automated real time videokeratoscopy analysis.38 The non-

invasive technique may potentially be superior to the conventional fluorescein method by 

avoiding tear film destabilisation associated with fluorescein instillation.38,83 

 

This randomised crossover study sought to compare clinical tear film stability measurements 

obtained from the automated non-invasive Keratograph to the conventional fluorescein 

method, and evaluate their discriminative abilities in detecting symptomatic dry eye. 

 

3.2.2. Methods 
 

Participants of this investigator-masked, randomised crossover study were enrolled through the 

Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, eligibility 

required participants to be ≥18 years of age, with no history of uncontrolled major systemic 

disease, and no use of systemic or topical medications known to affect the eye three months 

prior to study participation. A total of 74 eligible participants were recruited, into two equal-

sized age, gender and ethnicity-matched groups, with and without symptomatic dry eye, 

thereby exceeding sample size requirements for the desired study power. Non-parametric 

adjusted power calculations were conducted with tear film breakup time as the designated 

outcome, and showed that a minimum of 62 participants (31 participants per group) were 

required to detect a clinically significant difference of 4 to 6 seconds, at 80% power (β=0.2) 

and a two-sided statistical significance level of 5% (α=0.05), with the standard deviation of 
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normal values being estimated to be approximately 6 to 8 seconds. Sample size estimates were 

determined using NCSS PASS 2002 (Utah, USA). 

 

Symptomatic dry eye classification was made according to an Ocular Surface Disease Index 

(OSDI) score of ≥13, in accordance with the recommendations of the TFOS DEWS II reports 

as discussed in Section 1.6.1.38,114 Two independent observers measured right eye tear film 

breakup time in triplicate, respectively, in a randomised order (Figure 5), using non-invasive 

automated Keratograph readings, and under blue light with a Wratten yellow filter following 

instillation of a drop (10μl) of fluorescein from a wetted impregnated strip (Haag-Streit), 

shaken to remove excess fluid.119 A 30-minute interval between measurements ensured 

subsidence of reflex tearing. 

 

Statistical analysis was performed using Graphpad Prism version 6.02 (California, United 

States). Non-normally distributed tear film breakup time measurements were logarithmically 

transformed to fulfil D’Agostino-Pearson normality testing, prior to parametric analysis.83 

Intra-group and inter-group comparisons were conducted with paired and unpaired t-tests, 

respectively, and variances analysed by F-tests. Bland-Altman analysis between stability 

measurements were performed and presented as mean bias and 95% limits of agreement (95% 

LoA).120 Correlation analysis between stability measurements and OSDI were conducted using 

Pearson’s product-moment correlation coefficients. Receiver operating characteristic curves 

were constructed to assess the discriminative ability of the two measurements in detecting 

symptomatic dry eye. The area under the curve (C-statistic), and Youden-optimal diagnostic 

cut-off sensitivity and specificity were then calculated. All tests were two-tailed and p<0.05 

was considered significant. Data are presented as mean±SD, median (IQR), or number of 

participants (% of participants) unless otherwise stated. 
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Figure 5. CONSORT flowchart for tear film stability study 
Participant allocation and crossover to non-invasive Keratograph evaluation and topical sodium fluorescein 
instillation.   

CONSORT Flow Diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessed for eligibility (n=76) 

Excluded (n=2) 
¨   Not meeting inclusion criteria 

(n=2) 
¨   Declined to participate (n=0) 
¨   Other reasons (n=0) 
 

Analysed (n=37)  
¨ Excluded from analysis (n=0) 

Lost to follow-up (n=0) 

Incomplete measurements (n=0) 

Allocated to non-invasive 
Keratograph evaluation (n=37) 
¨ Received evaluation (n=37) 
¨ Did not receive evaluation (n= 0) 

Lost to follow-up (n=0) 

Incomplete measurements (n=0) 

Allocated to sodium fluorescein 
instillation (n=37) 
¨ Received instillation (n=37) 
¨ Did not receive instillation (n=0) 

Analysed (n=37)  
¨ Excluded from analysis (n=0) 

 

Allocation 

Analysis 

Follow-Up 

Randomised (n=74) 

Enrolment 

Allocated to non-invasive 
Keratograph evaluation (n=37) 
¨ Received evaluation (n=37) 
¨ Did not receive evaluation (n= 0) 

Allocated to sodium fluorescein 
instillation (n=37) 
¨ Received instillation (n=37) 
¨ Did not receive instillation (n=0) 

Crossover 
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3.2.3. Results  
 

The mean ± SD age of the 74 participants (43 females, 31 males) was 24 ± 4 years. 

Demographic characteristics of participants and comparisons between non-invasive and 

fluorescein tear film breakup time measurements are presented in Table 12.  

 

 
 Symptomatic dry eye 

(n=37) 
Normal 
(n=37) 

Baseline characteristics   
Age (years) 24±4 23±4 
Female sex 22 (59%) 21 (57%) 
European ethnicity 14 (38%) 15 (41%) 
East Asian ethnicity 23 (62%) 22 (59%) 
OSDI score (out of 100) 25±9 6±4 
Tear film stability measurements   
NIBUT (s) 6.3 (4.4-9.7) 11.9 (9.4-14.6) 
TBUT (s) 4.3 (3.3-6.3) 5.0 (4.7-7.0) 
Difference between NIBUT and TBUT (s) 2.0 (1.1-3.4) 6.9 (4.7-7.6) 
Comparison of log (NIBUT) versus log (TBUT)   
Paired t-test (p value) 0.003* <0.001* 
F-test of variances (p value) <0.001* <0.001* 
Pearson’s correlation coefficient (95% CI) 0.42 (0.09-0.67) 0.55 (0.29-0.73) 
Correlation significance (p value) 0.001* <0.001* 
Bland-Altman bias (95% LoA) 0.20 (-0.52-0.91) 0.33 (-0.24-0.91) 

 
Table 12. Participant characteristics in tear film stability study 
Demographic characteristics of participants and comparisons between non-invasive tear film breakup time 
(NIBUT) and fluorescein tear film breakup time (TBUT). Data is presented as mean ± SD, median (IQR), or 
number of participants (% of participants). Asterisks denote statistically significant values (p<0.05). 
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Non-invasive tear film stability measurements were significantly longer than fluorescein 

breakup time values in both participants with symptomatic dry eye (median, 6.3s versus 4.3s; 

difference, 2.0s; 95% CI, 1.1-3.4s; p=0.003), and normal subjects (median, 11.9s versus 5.0s; 

difference 6.9s; 95% CI, 4.7-7.6s; p=0.001). In both groups, fluorescein breakup time values 

were more narrowly distributed than non-invasive tear film stability measurements (F-test of 

variances, both p<0.001). Participants with symptomatic dry eye had shorter non-invasive 

breakup time than those without (median, 6.3s versus 11.9s; difference, -5.6s; 95% CI, -1.7s to 

-7.8s; p=0.01), but no difference was detected for fluorescein breakup time (median, 4.3s 

versus 5.0s; difference, -1.3s; 95% CI, -2.3s to +1.0s; p=0.26).  

 

Significant positive correlations were observed between non-invasive and fluorescein breakup 

time measurements in both the symptomatic dry eye group (Pearson’s coefficient=0.42; 95% 

CI, 0.09-0.67; p=0.001) and normal controls (Pearson’s coefficient =0.55; 95% CI, 0.29-0.73; 

p<0.001). Reverse-transformation of Bland-Altman biases showed that, on average, non-

invasive tear film stability measurements were 1.6 (95% LoA, 0.3-8.1) times that of fluorescein 

tear film breakup time values in symptomatic dry eye patients, and 2.1 (95% LoA, 0.6-8.1) 

times in normal participants. The OSDI score was significantly correlated to both non-invasive 

tear film stability (Pearson’s coefficient = −0.32; 95% CI, −0.51 to −0.10, p=0.005) and 

fluorescein breakup time (Pearson’s coefficient = −0.26; 95% CI, −0.46 to −0.03; p=0.03). 

 

Receiver operating characteristic curves for the discriminative ability of non-invasive and 

fluorescein tear film breakup time in detecting symptomatic dry eye are illustrated in Figure 6. 

The discriminative ability of non-invasive tear film stability (C-statistic=0.68; 95% CI, 0.56-

0.81, p=0.007) was greater than fluorescein breakup time (C-statistic=0.57; 95% CI, 0.44-0.70; 

p=0.31). 

 

The optimal diagnostic cut-off for non-invasive tear film stability was ≤9s with a sensitivity of 

68% (95% CI, 50%-82%), specificity of 70% (95% CI, 53%-84%), positive likelihood ratio of 

2.27 (95% CI, 1.32-3.91), and negative likelihood ratio of 0.46 (95% CI, 0.28-0.77).  

 

The optimal threshold for fluorescein breakup time was ≤5s with a sensitivity of 54% (95% CI, 

37%-71%), specificity of 68% (95% CI, 50%-82%), positive likelihood ratio of 1.67 (95% CI, 

0.96-2.89), and negative likelihood ratio of 0.68 (95% CI, 0.45-1.03).   
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Figure 6. ROC curves for tear film stability study 
Discriminative ability of non-invasive tear film breakup time (NIBUT) and fluorescein tear film breakup time 
(TBUT) in detecting symptomatic dry eye. 
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3.2.4. Discussion 
 

The results of this study demonstrated that fluorescein breakup time values were significantly 

shorter and more narrowly distributed than non-invasive tear film stability measurements in 

both participant groups. Non-invasive tear film stability displayed greater discriminative ability 

in detecting symptomatic dry eye than fluorescein breakup time.  

 

The median non-invasive tear film stability measurements were significantly longer than 

fluorescein breakup time, consistent with previously reported tear film destabilisation effects 

of fluorescein instillation.38,83 Interestingly, the difference was smaller in symptomatic dry eye 

participants, which may be associated with the positively skewed nature of both 

measurements.83,121 This was supported by Bland-Altman analysis, which showed that non-

invasive tear film stability measurements were, on average, 1.6 and 2.1 times of fluorescein 

breakup time values, in the symptomatic dry eye and control groups. 

 

The distributions of fluorescein breakup time values were narrower than non-invasive tear film 

stability measurements with smaller inter-subject variability, potentially reflecting global 

reduction of breakup time measurements following fluorescein instillation.83 This global 

reduction may also contribute towards the significant correlations observed between non-

invasive tear film stability and fluorescein breakup time measurements, concordant with an 

earlier report.121  However, in both groups, the relatively wide Bland-Altman limits of 

agreement suggested poorer levels of clinical agreement between the two measurements. 

Interestingly, the limits of agreement were narrower than those reported in a previous study 

comparing non-invasive tear film breakup time with stability measurements following 

micropipette instillation of a smaller volume of fluorescein (5μl).121 Differences in reflex 

tearing and fluorescein concentrations achieved by micropipette instillation may potentially 

contribute. 

 

The comparative discriminative ability of non-invasive versus fluorescein breakup time 

measurements in detecting symptomatic dry eye have not been previously established. In the 

current study, non-invasive tear film breakup time displayed superior discriminative ability 

with a greater C-statistic, higher optimal diagnostic accuracy, and stronger correlation with 

OSDI. Furthermore, a significant difference in non-invasive breakup time, but not fluorescein 
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breakup time, was detected between symptomatic dry eye and normal participants. 

Interestingly, although the optimal diagnostic cut-off for non-invasive tear film breakup time 

(≤9s) reflected the recommendations from TFOS DEWS II (<10s),38 the optimal threshold for 

fluorescein breakup time was significantly lower (≤5s). The superior discriminative ability of 

non-invasive breakup time may be related to the lesser degree of overlap in the 95% CIs 

between participant groups. Nonetheless, the small inter-group overlap in the 95% CIs of non-

invasive breakup time was likely to contribute to the modest sensitivity and specificity values 

of around 70%. This may reflect the complex inter-relationship between tear film function, 

ocular surface inflammation, and somatosensory pathways in dry eye disease 

development.3,21,117,122,123 

 

This study is not without limitations. Predominantly younger East Asian and European 

participants were recruited, and eligibility required participants to have no uncontrolled major 

systemic disease, surgery, or topical/systemic medication use known to affect the eye, three 

months before study participation. This may affect the applicability of study findings to other 

demographic populations, or to the secondary and iatrogenic dry eye conditions excluded.2,37 

 

In conclusion, conventional fluorescein tear film stability measurements were significantly 

shorter with narrower distributions, while automated non-invasive Keratograph readings 

demonstrated superior discriminative ability in detecting symptomatic dry eye. 
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3.3. Tear osmolarity 

3.3.1. Background 
 

Tear hyperosmolarity is a central hallmark of dry eye disease, and perpetuates a vicious cycle 

of ocular surface inflammation and tear film instability.38 The measurement of tear osmolarity 

and inter-ocular variability forms part of the global consensus diagnostic criteria for dry eye 

disease recommended by the TFOS DEWS II, as discussed in Section 1.6.1.38 This diagnostic 

accuracy study sought to evaluate the discriminative ability and optimal thresholds for tear 

osmolarity and inter-ocular variability in detecting other dry eye signs and symptoms. 

 

3.3.2. Methods 
 

Participants of this prospective, investigator-masked, diagnostic accuracy study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants to be ≥16 years of age, with no history of uncontrolled major 

systemic disease, and no use of systemic or topical medications known to affect the eye for at 

least three months prior to study participation. A total of 866 eligible participants were 

recruited, exceeding the sample size requirements for the desired study power. Diagnostic 

accuracy power calculations showed that a minimum of 814 participants were required, with 

the estimated dry eye disease prevalence of 40%, anticipated sensitivity value of 70%, absolute 

precision of 5%, at 80% power (β=0.2). Sample size estimates were determined using NCSS 

PASS 2002 (Utah, USA). 

 

Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 13. An independent observer measured tear osmolarity from both eyes, and 

the higher reading and inter-ocular difference was recorded.38 The presence of non-osmolar 

signs and symptoms of dry eye disease was determined according to the global consensus 

TFOS DEWS II diagnostic criteria as discussed in Section 1.6.1, and summarised in Table 14.38 

 

Statistical analysis was conducted with Graph Pad Prism version 6.02 (California, USA). The 

discriminative ability of osmolarity measurements in detecting other clinical signs and 
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symptoms of dry eye disease was determined by the area under the receiver operating 

characteristic curve (C-statistic) and compared using the paired DeLong test. Youden-optimal 

diagnostic cut-off sensitivity and specificity values were then calculated. All tests were two 

tailed, and p<0.05 was considered significant. Data are presented as mean±SD, median (IQR), 

or number of participants (% of participants) unless otherwise stated. 

 
 

Assessments 

1. OSDI questionnaire  

2. DEQ-5 questionnaire 

3. Non-invasive tear film breakup time 

4. Tear osmolarity 

5. Ocular surface staining 
 
Table 13. Order of clinical assessments in tear osmolarity study 
 

 
Component Criteria 

 
Symptoms 
 
 
 
Signs 

 
• OSDI score ≥13, or DEQ-5 score ≥6, 

 
AND 
 

• Non-invasive tear film breakup time <10s, corneal fluorescein 
staining >5 spots, conjunctival lissamine green staining >9 spots, 
or lid margin staining ≥2mm length and ≥25% width 

 
Table 14. Diagnostic criteria in tear osmolarity study 
TFOS DEWS II diagnostic criteria for non-osmolar signs and symptoms of dry eye disease.38  
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3.3.3. Results  
 

The mean ± SD age of the 866 participants (510 females, 356 males) was 42 ± 21 years. 

Demographic characteristics and clinical measurements of participants are presented in Table 

15.  

 
 

Characteristic Value 
Demographics  
Age (years) 42±21 
Female sex 510 (59%) 
European ethnicity 436 (50%) 
East Asian ethnicity 335 (38%) 
South Asian ethnicity 52 (6%) 
Other ethnicity 43 (5%) 
Dry eye symptomology  
OSDI score (out of 100) 22±16 
DEQ-5 score (out of 22) 8±5 
Tear film quality  
Non-invasive tear film breakup time (s) 9.6 (6.1-15.5) 
Tear osmolarity (mOsm/L) 307±27 
Inter-ocular difference in osmolarity (mOsm/L) 10±8 
Ocular surface staining  
Corneal fluorescein staining >5 spots 86 (10%) 
Conjunctival lissamine green staining >9 spots 333 (39%) 
Eyelid margin staining ≥2mm length and ≥25% width 371 (43%) 
Dry eye disease diagnosis  
TFOS DEWS II criteria for non-osmolar signs and symptoms of dry eye disease 404 (47%) 

 
Table 15. Participant characteristics in tear osmolarity study 
Demographic characteristics and clinical measurements. Data are presented as mean ± SD, number of participants 
(% of participants), or median (IQR). 
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Receiver operating characteristic curves of the discriminative ability of tear osmolarity and 

inter-ocular variability in detecting non-osmolar signs and symptoms of dry eye disease are 

presented in Figure 7. The discriminative ability of tear osmolarity (C-statistic=0.82; 95% CI, 

0.79-0.75) was greater than inter-ocular variability (C-statistic=0.68; 95% CI, 0.65-0.72; 

p<0.0001), although both were significantly greater than chance (both p<0.0001). The optimal 

diagnostic cut-off for tear osmolarity was ≥308mOsm/L, with a sensitivity of 72% (95% CI, 

68%-77%), specificity 73% (95%, 68%-77%), positive likelihood ratio 2.65 (95% CI, 2.26-

3.11), negative likelihood ratio 0.38 (95% CI, 0.32-0.45). The optimal threshold for inter-ocular 

difference in osmolarity was ≥10mOsm/L, with a sensitivity of 52% (95% CI, 47%-57%), 

specificity 73% (69%-77%), positive likelihood ratio 1.93 (95% CI, 1.62-2.30), negative 

likelihood ratio 0.65 (0.58-0.74). 

 

 

 
 
Figure 7. ROC curves for tear osmolarity study 
Discriminative ability of tear osmolarity and inter-ocular variability in detecting non-osmolar signs and symptoms 
of dry eye disease. The dotted line represents the diagonal line of no discrimination or random chance. The 
magnitude of the area under the curve indicates the discriminative ability of each osmolarity measurement. 
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3.3.4. Discussion 
 

Earlier studies have reported various diagnostic thresholds for tear osmolarity, ranging between 

305mOsm/L to 316mOsm/L,3,84 although the significant heterogeneity in reference standards 

and recruited populations might potentially contribute.38 In contrast, the optimal threshold for 

inter-ocular differences in osmolarity has not previously been assessed in diagnostic accuracy 

studies.38 To our knowledge, this is the first study evaluating the diagnostic profile of tear 

osmolarity and inter-ocular variability, using the TFOS DEWS II criteria for non-osmolar dry 

eye signs and symptoms as the reference standard. 

 

The results show that tear osmolarity exhibited moderate diagnostic accuracy, which may, in 

part, reflect the widely heterogeneous nature of dry eye disease, and the complex interactions 

between tear film homeostatic disturbances and somatosensory pathways.38,101,124 The 

discriminative ability of inter-ocular differences in osmolarity was more modest, with the 

greater margin of error introduced by taking the difference of two readings potentially 

contributing.38 Nevertheless, the modest-to-moderate overall diagnostic profile of both 

measurements would support the TFOS DEWS II recommendations of incorporating 

osmolarity measurements with the evaluation of other clinical signs and symptoms when 

diagnosing and assessing the severity of dry eye disease, as discussed in Section 1.6.1.38 

Interestingly, although the optimal diagnostic threshold for tear osmolarity (≥308mOsm/L) was 

consistent with the TFOS DEWS II recommendations, the cut-off for inter-ocular variability in 

osmolarity (≥10mOsm/L) was slightly higher than the global consensus threshold 

(>8mOsm/L).38 

 

Limitations of the current study are acknowledged to include the predominantly European and 

East Asian participant ethnic composition, and the exclusion of those with recent surgical 

procedures, which might impact the applicability of study findings to other ethnic populations, 

or post-operative iatrogenic dry eye syndromes. 

 

In conclusion, the results of this study demonstrated that tear osmolarity demonstrated greater 

diagnostic ability than inter-ocular differences in osmolarity in detecting other clinical signs 

and symptoms of dry eye disease. The optimal diagnostic threshold for tear osmolarity was 

consistent with the recommendations of the TFOS DEWS II diagnostic criteria for dry eye 
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disease, although the empirically determined cut-off for inter-ocular variability was slightly 

higher than the global consensus threshold. Overall, the modest-to-moderate diagnostic 

performance of both measurements would add further weight to the TFOS DEWS II 

recommendations of incorporating tear osmolarity with the evaluation of other clinical signs 

and symptoms when diagnosing and assessing the severity of dry eye disease. 
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3.4. Ocular surface staining 

3.4.1. Background 
 

Ocular surface staining is an indicator of epithelial compromise, and forms part of the global 

consensus dry eye diagnostic criteria recommended by the TFOS DEWS II, as discussed in 

Section 1.6.1.38 Corneal staining has traditionally been regarded as a marker of dry eye 

severity,38,125 while the assessment of lid wiper epitheliopathy has only more recently gained 

traction.38,126 However, the comparative performance of lid wiper epitheliopathy and corneal 

staining in detecting dry eye disease has not yet been evaluated. The purpose of this diagnostic 

accuracy study was therefore to evaluate the discriminative ability of lid wiper epitheliopathy 

and corneal staining in detecting other clinical markers of dry eye disease. 

 

3.4.2. Methods 
 

Participants of this prospective, investigator-masked, diagnostic accuracy study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants to be ≥18 years of age, with no history of uncontrolled major 

systemic disease, and no use of systemic or topical medications known to affect the eye for at 

least three months prior to study participation. A total of 522 eligible participants were 

recruited, exceeding the sample size requirements for the desired study power. Power 

calculations for correlation analysis showed that a minimum of 347 participants were required 

to detect a correlation coefficient of 0.15 or greater, at 80% power (β=0.2) and a two-sided 

statistical significance level of 5% (α=0.05). Sample size estimates were determined using 

NCSS PASS 2002 (Utah, USA). 

 

Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 16. The presence of clinical signs and symptoms of dry eye disease other 

than ocular surface staining was determined according to the global consensus TFOS DEWS 

II diagnostic criteria as discussed in Section 1.6.1, and further classified into mild-to-moderate 

and moderate-to-severe disease as summarised in Table 17.38 Independent observers then 

graded right eye corneal staining and lid wiper epitheliopathy according to the Oxford and 
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Korb grading schemes,38,109,110 respectively, following the application of sodium fluorescein 

and lissamine green dyes, in turn, to the bulbar conjunctiva as discussed in Section 2.2.3.38 

 

Statistical analysis was conducted with Graph Pad Prism version 6.02 (California, USA). 

Receiver operating characteristic curves were constructed to compare the discriminative ability 

of lid wiper epitheliopathy and corneal staining in detecting other clinical markers of dry eye 

disease, and the area under the curve (C-statistic), Youden-optimal diagnostic cut-off 

sensitivity and specificity calculated. Spearman’s rank analysis was used to assess statistical 

correlation between ocular surface staining and tear film homeostasis markers. All tests were 

two tailed, and p<0.05 was considered significant. Data are presented as mean±SD, median 

(IQR), or number of participants (% of participants) unless otherwise stated. 

 
 

Assessments 

1. OSDI questionnaire  

2. Tear meniscus height 

3. Non-invasive tear film breakup time 

4. Tear osmolarity 

5. Ocular surface staining 
 
Table 16. Order of clinical assessments in ocular surface staining study. 
 

 

 

Diagnostic test 
Mild-to-moderate 

dry eye disease  
Moderate-to-severe  

dry eye disease  
 
Ocular Surface Disease Index score (out of 100) 

 
≥13 

 
≥22 

 
Non-invasive tear film stability (s) 

 
<10 

 
<5 

 
Tear osmolarity (mOsm/L) 

 
≥308 

 
≥320 

 
Interocular difference in osmolarity (mOsm/L) 
 

>8 >12 

 
Table 17. Disease severity classification criteria in ocular surface staining study 
Classification criteria for mild-to-moderate and moderate-to-severe dry eye disease. 
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3.4.3. Results  
 

The mean ± SD age of the 552 participants (315 females, 237 males) was 43 ± 21 years. 

Demographic characteristics and clinical measurements are presented in Table 18. The mean 

tear meniscus height was within normal physiological limits, suggesting a propensity towards 

evaporative disease.38 

 

 
Characteristic Value 

Demographics  
Age 43±21 
Female sex 315 (57%) 
European ethnicity 265 (48%) 
East Asian ethnicity 188 (34%) 
South Asian ethnicity 68 (12%) 
Other ethnicity 31 (6%) 
Dry eye disease diagnosis  
TFOS DEWS II dry eye diagnostic criteria 291 (53%) 
Mild-to-moderate dry eye classification 133 (24%) 
Moderate-to-severe dry eye classification 158 (29%) 
Dry eye symptomology  
Ocular Surface Disease Index score (out of 100) 21 (10-33) 
Tear film parameters  
Non-invasive tear film breakup time (s) 10 (6-16) 
Tear film osmolarity (mOsm/L) 308±14 
Inter-ocular difference in tear film osmolarity (mOsm/L) 9±7 
Tear meniscus height (mm) 0.29±0.12 
Ocular surface staining  
Sodium fluorescein corneal staining score (out of 25) 0 (0-0) 
Lissamine green corneal staining score (out of 25) 0 (0-0) 
Superior lid wiper epitheliopathy grade (out of 3) 1 (0-2) 
Inferior lid wiper epitheliopathy grade (out of 3) 1 (0-2) 

 
Table 18. Participant characteristics in ocular surface staining study 
Demographic characteristics and clinical measurements of participants. Data are presented as mean ± SD, number 
of participants (% of participants), or median (IQR). 
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Receiver operating characteristic curves for the discriminative ability of corneal staining and 

lid wiper epitheliopathy in detecting other clinical markers of dry eye disease are illustrated in 

Figure 8, and diagnostic accuracy values are summarised in Table 19. The discriminative 

ability of superior and inferior lid wiper epitheliopathy were similar (C-statistic=0.71 and 0.69, 

respectively), but greater than that of sodium fluorescein and lissamine green corneal staining 

(C-statistic=0.56 and 0.52, respectively). 

 

 

 
 

Figure 8. ROC curves for ocular surface staining study 
Discriminative ability of sodium fluorescein (NaFl) and lissamine green (LG) corneal staining, and superior and 
inferior lid wiper epitheliopathy (LWE) in detecting other clinical markers of dry eye disease. 
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Sodium 
fluorescein 

corneal staining  
Lissamine green 
corneal staining 

Superior 
lid wiper 

epitheliopathy  

Inferior 
lid wiper 

epitheliopathy  
 
C-statistic (95% CI) 
 

 
0.56 (0.51-0.61) 

 
0.52 (0.48-0.57) 

 
0.71 (0.67-0.76) 

 
0.69 (0.65-0.74) 

Discriminative significance 
(p value) 
 

<0.02* 0.31 <0.001* <0.001* 

Youden optimal diagnostic 
cut-off 
 

≥1 ≥1 ≥1 ≥1 

Sensitivity (95% CI) 
 

25% (20%-30%) 11% (8%-15%) 65% (59%-70%) 72% (66%-77%) 

Specificity (95% CI) 
 

86% (81%-90%) 94% (90%-96%) 73% (67%-78%) 66% (60%-72%) 

Positive likelihood ratio 
(95% CI) 
 

1.77 (1.24-2.53) 1.79 (1.01-3.19) 2.52 (1.95-3.01) 2.11 (1.75-2.53) 

Negative likelihood ratio 
(95% CI) 
 

0.87 (0.80-0.95) 0.95 (0.90-1.00) 0.48 (0.40-0.57) 0.43 (0.35-0.52) 

 
Table 19. Diagnostic accuracy values in ocular surface staining study 
Diagnostic accuracy values of fluorescein and lissamine green corneal staining, and superior and inferior lid wiper 
epitheliopathy in detecting dry eye disease. Asterisks denote statistically significant differences between the 
discriminative abilities of the index tests and chance (p<0.05). 

 

 
 

Presence of ocular surface staining 
No dry eye disease 

(n=261) 

Mild-to-moderate 
dry eye disease 

(n=133) 

Moderate-to-severe 
dry eye disease 

(n=158) 
 
Sodium fluorescein corneal staining 37 (14%) 21 (16%) 52 (33%) 
 
Lissamine green corneal staining 16 (6%) 10 (8%) 22 (14%) 
 
Superior lid wiper epitheliopathy 70 (27%) 77 (58%) 112 (71%) 
 
Inferior lid wiper epitheliopathy 
 

89 (34%) 86 (65%) 123 (78%) 

 
Table 20. Subgroup analysis in ocular surface staining study 
 Subgroup analysis of the presence of ocular surface staining, according to dry eye disease severity. Data are 
presented as number of participants (% of participants). 
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Subgroup analyses according to severity of dry eye disease are presented in Table 20 and Table 

21. Lid wiper epitheliopathy was present in a higher proportion of participants than corneal 

staining in all subgroups. Significant correlations with dry eye symptomology, tear film 

stability and osmolarity were observed for lid wiper epitheliopathy in participants with mild-

to-moderate and with moderate-to-severe disease, but were noted only in the moderate-to-

severe disease group for corneal staining. 

 

 

 

No dry eye disease 
(n=261) 

 

Mild-to-moderate 
dry eye disease 

(n=133) 
 

Moderate-to-severe 
dry eye disease 

(n=158) 
 

Coefficient p Coefficient p Coefficient p 
Correlation with sodium fluorescein 
corneal staining score  

 
 

 
 

 

Ocular Surface Disease Index score 0.087 0.16 0.096 0.27 0.360 <0.001* 
Non-invasive tear film breakup time -0.011 0.86 -0.065 0.46 -0.173 0.03* 
Tear film osmolarity 0.022 0.74 0.069 0.43 0.268 <0.001* 
Inter-ocular difference in osmolarity 0.083 0.18 0.044 0.61 0.072 0.37 
Correlation with lissamine green 
corneal staining score  

 
 

 
 

 

Ocular Surface Disease Index score 0.014 0.82 0.083 0.34 0.233 0.003* 
Non-invasive tear film breakup time -0.094 0.13 -0.070 0.42 -0.188 0.02* 
Tear film osmolarity 0.006 0.92 0.079 0.36 0.196 0.01* 
Inter-ocular difference in osmolarity 0.031 0.61 0.037 0.67 0.023 0.77 
Correlation with superior lid wiper 
epitheliopathy grade  

 
 

 
 

 

Ocular Surface Disease Index score 0.079 0.21 0.199 0.02* 0.274 <0.001* 
Non-invasive tear film breakup time -0.099 0.11 -0.254 0.003* -0.243 0.002* 
Tear film osmolarity 0.056 0.37 0.207 0.02* 0.195 0.01* 
Inter-ocular difference in osmolarity 0.014 0.82 0.111 0.20 0.097 0.23 
Correlation with inferior lid wiper 
epitheliopathy grade  

 
 

 
 

 

Ocular Surface Disease Index score 0.105 0.09 0.189 0.03* 0.279 <0.001* 
Non-invasive tear film breakup time -0.072 0.26 -0.221 0.01* -0.265 <0.001* 
Tear film osmolarity 0.041 0.51 0.206 0.02* 0.171 0.03* 
Inter-ocular difference in osmolarity 0.020 0.75 0.049 0.57 0.078 0.33 

 
Table 21. Correlation analysis in ocular surface staining study 
Correlation analysis of dry eye symptomology and tear film parameters with ocular surface staining, according 
to dry eye disease severity. Data are presented as Spearman’s rank correlation coefficient. Asterisks denote 
statistically significant values (p<0.05). 
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3.4.4. Discussion 
 

Overall, the findings of this diagnostic accuracy study demonstrated that lid wiper 

epitheliopathy exhibited greater discriminative ability in detecting other clinical markers of dry 

eye disease than did corneal staining. Lid wiper staining was present in a higher proportion of 

participants, irrespective of severity of dry eye disease. Furthermore, significant correlations 

with dry eye symptomology and tear film parameters were also observed across a broader range 

of disease severity for lid wiper epitheliopathy than for corneal staining. 

 

The trends observed in the current study are consistent with previous research which reports 

that corneal staining lacks discriminatory power in mild-to-moderate dry eye disease, and may 

be a sign indicative of more severe disease.38,125 In contrast to the cornea, the lid wiper region, 

with the greatest exposure to friction during the blinking mechanism, may be the most sensitive 

epithelial tissue of the ocular surface.38,126 The results of the current study would support the 

hypothesis that lid wiper epitheliopathy is a more sensitive and earlier clinical sign in the 

natural history of dry eye disease than corneal staining. 

 

Nevertheless, a number of study limitations are acknowledged to exist. The study cohort 

consisted predominantly of East Asian and European participants, and the eligibility criteria 

required participants to have no uncontrolled major systemic disease; as well as no ophthalmic 

surgery, and no use of topical or systemic medication known to affect the eye three months 

before study participation. The potential for selection bias can therefore not be excluded, and 

it is not known whether this might impact the applicability of study findings to other ethnic 

populations, or to the secondary and iatrogenic dry eye conditions excluded by the eligibility 

criteria.2,37 

 

In conclusion, lid wiper epitheliopathy was demonstrated to be a more informative marker of 

dry eye disease than corneal staining, across a broader range of disease severity. The findings 

of this study would support the global consensus TFOS DEWS II recommendations for the 

routine incorporation of lid wiper epitheliopathy into assessment algorithms for dry eye 

disease.38 
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3.5. Meibomian gland dysfunction markers 

3.5.1. Background 
 

The evaluation of markers of meibomian gland dysfunction, including tear film lipid layer 

grade, expressed meibum quality, meibomian gland capping and dropout, and eyelid margin 

telangiectasia are recommended for evaporative dry eye subtype classification testing by the 

TFOS DEWS II and International Workshop on Meibomian Gland Dysfunction reports, as 

discussed in Section 1.6.1.38,87 However, the discriminative ability and optimal thresholds for 

these evaporative disease markers in detecting an overall diagnosis of dry eye disease has not 

previously been assessed. The purpose of this diagnostic accuracy study was therefore to 

evaluate the discriminative ability of meibomian gland dysfunction markers in detecting dry 

eye disease. 

 

3.5.2. Methods 
 

Participants of this prospective, investigator-masked, diagnostic accuracy study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants to be ≥18 years of age, with no history of uncontrolled major 

systemic disease, and no use of systemic or topical medications known to affect the eye in the 

three months prior to study participation. Subjects with aqueous tear deficiency, defined by a 

tear meniscus height <0.20mm, were excluded.38 A total of 405 eligible participants were 

recruited, exceeding the sample size requirements for the desired study power. Power 

calculations for correlation analysis showed that a minimum of 347 participants were required 

to detect a correlation coefficient of 0.15 or greater, at 80% power (β=0.2) and a two-sided 

statistical significance level of 5% (α=0.05). Sample size estimates were determined using 

NCSS PASS 2002 (Utah, USA). 

 

Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 22. The presence of dry eye disease, as defined by the global consensus 

TFOS DEWS II diagnostic criteria discussed in Section 1.6.1, was used as the reference 

standard, and is summarised in Table 23.38 Markers of meibomian gland dysfunction, including 
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lipid layer grade, expressed meibum quality, meibomian gland dropout and capping, and eyelid 

margin telangiectasia, were then evaluated using established grading schemes, as decribed in 

Section 2.2 and summarised in Table 24.38,72,87,111 

 

Statistical analysis was conducted with Graph Pad Prism version 6.02 (California, USA). 

Receiver operating characteristic curves were constructed to assess the discriminative ability 

of evaporative disease markers in detecting an overall dry eye diagnosis, and the area under the 

curve (C-statistic), Youden-optimal diagnostic cut-off sensitivity and specificity calculated. 

Spearman’s rank analysis was used to evaluate statistical correlation between the global dry 

eye disease and meibomian gland dysfunction markers. All tests were two tailed, and p<0.05 

was considered significant. Data are presented as mean±SD, median (IQR), or number of 

participants (% of participants) unless otherwise stated. 
 
 

Assessments 

1. OSDI questionnaire  

2. Tear meniscus height 

3. Non-invasive tear film breakup time 

4. Tear film lipid layer grade 

5. Tear osmolarity 

6. Slit lamp biomicroscopy examination 

7. Ocular surface staining 

8. Meibomian gland expressibility 

9. Infrared meibography 
 
Table 22. Order of clinical assessments in meibomian gland dysfunction markers study 
 

 
Component Criteria 

 
Symptoms 
 
 
 
Signs 

 
• OSDI score ≥13 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear osmolarity 
≥308mOsm/L, interocular difference in osmolarity>8mOsm/L, 
corneal fluorescein staining >5 spots, conjunctival lissamine 
green staining >9 spots, or lid margin staining ≥2mm length and 
≥25% width 

 
Table 23. Diagnostic criteria in meibomian gland markers study 
TFOS DEWS II diagnostic criteria for dry eye disease.38   
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Meibomian gland 
dysfunction marker Method of assessment 

Grading 
scheme Grading score range 

 
Tear film lipid layer grade 
 
 

 
Oculus Keratograph 5M tear 
film lipid interferometry 

 
Modified 
Guillon-Keeler  

 
0 to 5, in ascending 
quality. 

Expressed meibum quality 
 
 

TearScience® Meibomian 
Gland Evaluator 

Bron et al 0 to 4, in descending 
quality.  

Superior eyelid meibomian 
gland dropout 
 

Oculus Keratograph 5M 
infrared meibography 

Pult Meiboscale 0 to 4, in ascending 
severity.  

Inferior eyelid meibomian 
gland dropout 
 

Oculus Keratograph 5M 
infrared meibography 

Pult Meiboscale 0 to 4, in ascending 
severity.  

Meibomian gland capping 
 
 

Slit lamp biomicroscopy 
examination 

Tomlinson et al 0 to 3, in ascending 
severity. 

Eyelid margin telangiectasia 
 
 

Slit lamp biomicroscopy 
examination 

Tomlinson et al 0 to 3, in ascending 
severity. 

 
Table 24. Grading schemes in meibomian gland dysfunction markers study 
Grading schemes for evaluating markers of meibomian gland dysfunction.38,72,87,111 
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3.5.3. Results  
 

The mean ± SD age of the 405 participants (237 females, 168 males) was 37 ± 15 years. 

Demographic characteristics and clinical measurements are presented in Table 25. 

 

 
Characteristic Value 

Demographics  
Age 37±15 
Female sex 237 (59%) 
European ethnicity 198 (49%) 
East Asian ethnicity 182 (45%) 
South Asian ethnicity 21 (5%) 
Other ethnicity 4 (1%) 
Dry eye disease diagnosis  
Participants fulfilling the TFOS DEWS II diagnostic criteria for dry eye disease 186 (46%) 
Dry eye symptomology  
Ocular Surface Disease Index score (out of 100) 20±16 
Tear film parameters  
Non-invasive tear film breakup time (s) 10.1 (6.4-15.9) 
Tear osmolarity (mOsm/L) 307±14 
Inter-ocular difference in tear osmolarity (mOsm/L) 8±6 
Tear meniscus height (mm) 0.31±0.10 
Ocular surface staining  
Corneal fluorescein staining >5 spots 52 (13%) 
Conjunctival lissamine green staining >9 spots 167 (41%) 
Eyelid margin staining ≥2mm length and ≥25% width 173 (43%) 
Evaporative dry eye markers  
Tear film lipid layer grade (out of 5) 3 (2-4) 
Expressed meibum quality grade (out of 4) 1 (0-2) 
Superior eyelid meibomian gland dropout grade (out of 4) 1 (0-2) 
Inferior eyelid meibomian gland dropout grade (out of 4) 1 (0-2) 
Meibomian gland capping grade (out of 3) 1 (0-1) 
Eyelid margin telangiectasia grade (out of 3) 0 (0-1) 

 
Table 25. Participant characteristics in meibomian gland dysfunction markers study 
Demographic characteristics and clinical measurements of participants. Data are presented as mean ± SD, number 
of participants (% of participants), or median (IQR). 
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Receiver operating characteristic curves for the discriminative ability of meibomian gland 

dysfunction in detecting an overall diagnosis of dry eye disease are illustrated in Figure 9, and 

diagnostic accuracy values are summarised in Table 26. The discriminative abilities of lipid 

layer thickness, expressed meibum quality, meibomian gland capping, and eyelid telangiectasia 

grading were significantly greater than chance (all p<0.05), but discriminative abilities of 

meibomian gland dropout grading were not (both p>0.10). 

 

Correlation analysis between global dry eye and evaporative disease markers are presented in 

Table 27. Lipid layer grade was significantly correlated to six global markers; while expressed 

meibum quality, meibomian gland capping, and eyelid margin telangiectasia grading correlated 

to five global markers; and meibomian gland dropout grading correlated to four global markers, 

respectively. 

 

 

 
 
Figure 9. ROC curves for meibomian gland dysfunction markers study 
Discriminative ability of tear film lipid layer grade, expressed meibum quality, superior and inferior eyelid 
meibomian gland dropout, meibomian gland capping, and eyelid margin telangiectasia in detecting an overall 
diagnosis of dry eye disease as defined by the TFOS DEWS II criteria.38 
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Table 26. Diagnostic accuracy values in meibomian gland dysfunction markers study 
Diagnostic accuracy values of tear film lipid layer thickness, expressed meibum quality, superior and inferior 
eyelid meibomian gland dropout, meibomian gland capping, and eyelid margin telangiectasia grading in detecting 
an overall diagnosis of dry eye disease as defined by the TFOS DEWS II criteria. Asterisks denote statistically 
significant differences between the discriminative abilities of the index tests and chance (p<0.05).   
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Table 27. Correlation analysis in meibomian gland dysfunction markers study 
Correlation analysis between global dry eye disease and meibomian gland dysfunction markers as defined by the 
TFOS DEWS II reports. Data are presented as Spearman’s rank correlation coefficient (rho) and p-values. 
Asterisks denote statistically significant values (p<0.05).   
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3.5.4. Discussion 
 

The results of this diagnostic accuracy study showed that the discriminative ability of tear film 

lipid layer grade, expressed meibum quality, meibomian gland capping, and eyelid margin 

telangiectasia were all significantly greater than chance, although lipid layer grade exhibited 

significant correlations across the broadest range of global dry eye disease markers as defined 

by the TFOS DEWS II criteria.38 The intrinsic functional reserve of the meibomian glands 

might potentially contribute to the poorer discriminative ability of gland dropout grading.72,127 

Indeed, an earlier study reported that only 45% of meibomian glands were active in the healthy 

adult eye, at any one time,127 suggesting that a full area of functional glands might not be 

necessary to maintain tear film homeostasis.72,127  

 

Interestingly, the optimal diagnostic cut-offs for all meibomian gland dysfunction markers 

were similar to the thresholds for moderate disease severity proposed by the TFOS DEWS II 

and the International Workshop on Meibomian Gland Dysfunction. 38,87 Nevertheless, the 

specificity values of the meibomian gland dysfunction markers were relatively modest, at best, 

and would add weight to the TFOS DEWS II recommendations, which require diagnostic 

evaluation of global markers of dry eye disease to occur prior to conducting evaporative disease 

subtype classification testing, as discussed in Section 1.6.1.38 

 

The current study is not without limitations. The ethnic composition of the study cohort was 

predominantly European and East Asian. Moreover, eligibility required participants to have no 

recent ophthalmic procedures, and no use of systemic or topical medications known to affect 

the eye three months prior to study participation. The potential for selection bias might 

potentially affect the applicability of study findings to other ethnic populations, or iatrogenic 

dry eye syndromes. 

 

In conclusion, tear film lipid layer grade was demonstrated to be the most informative marker 

of meibomian gland dysfunction. However, the relatively modest specificity values for 

meibomian gland dysfunction markers would support the global consensus TFOS DEWS II 

recommendations, which necessitates diagnostic assessment of global markers of dry eye 

disease to occur prior to conducting evaporative disease subtype classification testing. 
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3.6. Rapid non-invasive screening algorithm 

3.6.1. Background 
 

The significant methodological heterogeneity in outcome measures and disease definition in 

the existing dry eye literature was identified by the TFOS DEWS II reports as creating 

considerable challenges in evidence synthesis and interpretation,2,14,38  and there have 

subsequently been calls for the development of core outcome sets for dry eye research.128,129 In 

part to address these issues, the TFOS DEWS II Diagnostic Methodology subcommittee 

devised a global consensus dry eye diagnostic test battery, as discussed in Section 1.6.1, to help 

provide guidance on the key outcome measures for the diagnosis, classification, and monitoring 

of dry eye disease in future clinical trials and epidemiology studies.38 

 

Nevertheless, in multiple resource and time-constrained settings, it may not always be feasible 

to conduct the TFOS DEWS II diagnostic battery in its entirety. Indeed, the diagnostic battery 

consists of a mixture of invasive and non-invasive tests,38 which requires the use of several 

instruments and instilled ocular dyes that are not universally available. The purpose of the 

current diagnostic accuracy study was therefore to explore the screening utility of an 

abbreviated non-invasive assessment algorithm, with a global evaluation component consisting 

of the Symptom Assessment in Dry Eye (SANDE) questionnaire, and non-invasive tear film 

breakup time measurement, and a subtype classification testing component consisting of tear 

film lipid layer grade, and tear meniscus height assessment. The SANDE visual analogue scale 

is a validated dry eye symptomology questionnaire which was selected for its relative 

simplicity and brevity, while the remaining non-invasive measurements can be readily 

conducted by a single clinical instrument. 38,103 The discriminative ability of the brief screening 

algorithm in detecting dry eye disease is evaluated against the full TFOS DEWS II diagnostic 

battery, which serves as the established reference standard. 
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3.6.2. Methods 
 
Participants of this prospective, investigator-masked, diagnostic accuracy study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants to be ≥18 years of age. A total of 235 eligible participants were 

recruited, exceeding sample size requirements for the desired study power. Diagnostic accuracy 

power calculations were made with an estimated dry eye disease prevalence rate of 20%, 

anticipated sensitivity value of 70%, two-sided statistical significance level of 5%, at a power 

of 80%, and showed that minimum of 223 participants were required. Sample size estimates 

were determined using NCSS PASS 2002 (Utah, USA). 

 
Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 28. The global evaluation and subtype classification testing components of 

the TFOS DEWS II diagnostic criteria were used as the reference standard to identify 

participants with an overall diagnosis dry eye disease, and those exhibiting clinical signs of 

evaporative and aqueous deficient dry eye disease, as discussed in Section 1.6.1.38 Details of 

the TFOS DEWS II diagnostic criteria for dry eye disease (reference standard), and 

components of the proposed rapid non-invasive dry eye assessment algorithm (index test) are 

summarised in Table 29. The diagnostic accuracy of each individual component of the rapid 

non-invasive dry eye assessment algorithm were tested against the corresponding component 

from the global evaluation or subtype classification testing schemes of the TFOS DEWS II 

diagnostic criteria, and are presented in the same row of the table. It is noted that the assessment 

for aqueous deficient dry eye disease subtype classification signs were identical between the 

TFOS DEWS II subtype classification testing scheme and rapid non-invasive dry eye 

assessment algorithm, and consisted of tear meniscus height measurement. 

 
Statistical analysis was performed using Graphpad Prism version 6.02 (California, United 

States). Receiver operating characteristic curves were constructed to assess the discriminative 

ability of the individual components of the rapid non-invasive assessment algorithm in 

detecting participants fulfilling the TFOS DEWS II diagnostic criteria. The area under the 

curve (C-statistic), and Youden-optimal diagnostic cut-off sensitivity and specificity were then 

calculated. A two-tailed p<0.05 threshold was considered significant. All data are presented as 

mean ± SD, median (IQR), and participants (% of participants), unless otherwise stated.   
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Table 28. Order of clinical assessments in rapid non-invasive screening algorithm study 
 

  

Assessments 

1. OSDI questionnaire  

2. DEQ-5 questionnaire 

3. SANDE questionnaire 

4. Tear meniscus height 

5. Non-invasive tear film breakup time 

6. Tear film lipid layer grade 

7. Tear osmolarity 

8. Slit lamp biomicroscopy examination 

9. Ocular surface staining 

10. Meibomian gland expressibility 

11. Infrared meibography 
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Table 29. Summary of rapid non-invasive screening algorithm 
Components of the TFOS DEWS II dry eye diagnostic criteria (reference standard) and rapid non-invasive dry 
eye assessment algorithm (index test). Diagnostic thresholds listed in the table for the rapid non-invasive 
assessment algorithm were derived from receiver operating characteristic curve and Youden’s optimal index 
analysis performed on the data collected in the current study. Diagnostic accuracy of each individual component 
of the proposed rapid non-invasive dry eye assessment algorithm were tested against the corresponding component 
from the global evaluation or subtype classification testing schemes of the TFOS DEWS II diagnostic criteria, 
and are presented in the same row of the table. It is noted that the assessment for aqueous deficient dry eye disease 
subtype classification signs were identical between the TFOS DEWS II subtype classification testing scheme and 
rapid non-invasive dry eye assessment algorithm, and consisted of tear meniscus height measurement.   

Component 

Reference standard 
 

Index test 
 

TFOS DEWS II 
diagnostic criteria 

Rapid non-invasive 
assessment algorithm 

 
Dry eye disease 
global evaluation 

 
Dry eye symptomology 

 
OSDI score ≥13, or DEQ-5 
score ≥6 
 

 
SANDE score ≥30 

Dry eye signs Non-invasive tear film 
breakup time <10s, absolute 
tear osmolarity 
≥308mOsm/L, inter-ocular 
difference in tear osmolarity 
>8mOsm/L, corneal staining 
>5 spots, conjunctival 
staining >9 spots, or lid 
margin staining ≥2mm 
length and ≥25% width 
 

Non-invasive tear film 
breakup time <10s 

Overall diagnosis of 
dry eye disease 

Fulfillment of criteria for 
both dry eye symptomology 
and signs (as above) 

Fulfillment of criteria for 
both dry eye 
symptomology and signs 
(as above) 
 

 
Dry eye disease 
subtype 
classification 
testing  

 
Evaporative dry eye 
disease subtype 
classification signs 

 
Tear film lipid layer grade 
≤3, meibomian gland 
expressiblity grade ≥1, 
presence of meibomian gland 
orifice plugging or eyelid 
margin telangiectasia 
 

 
Tear film lipid layer grade 
≤3 

 
Aqueous deficient dry 
eye disease subtype 
classification signs 
 

 
Tear meniscus height 
<0.2mm 

 
Tear meniscus height 
<0.2mm 
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3.6.3. Results  
 

The mean ± SD age of the 235 participants (77 male, 158 female) was 43 ± 17 years (range, 18 

to 90 years). Demographic characteristics and ocular surface parameters of participants are 

listed in Table 30. 

 

 
Characteristic Values 

Demographics  
Age (years) 43±17 
Female sex 158 (67%) 
European ethnicity 150 (64%) 
East Asian ethnicity 54 (23%) 
South Asian ethnicity 26 (11%) 
Other ethnicity 5 (2%) 
Dry eye symptomology  
OSDI score (out of 100) 21 (8-34) 
DEQ-5 score (out of 22) 8 (4-15) 
SANDE score (out of 100) 43 (19-65) 
Tear film quality  
Non-invasive tear film breakup time (s) 7.5 (4.9-13.6) 
Tear film osmolarity (mOsm/L) 306±11 
Inter-ocular difference in osmolarity (mOsm/L) 6 (3-12) 
Tear film lipid layer grade (out of 5) 3 (2-4) 
Tear meniscus height (mm) 0.28±0.12 
Ocular surface characteristics  
Corneal fluorescein staining >5 spots 45 (19%) 
Conjunctival lissamine green staining >9 spots 85 (36%) 
Lid margin staining ≥2mm length and ≥25% width 119 (51%) 
Eyelid margin telangiectasia 42 (18%) 
Meibomian gland characteristics  
Superior meibography grade (out of 4) 1 (0-3) 
Inferior meibography grade (out of 4) 1 (0-2) 
Meibomian gland expressibility grade (out of 4) 1 (0-3) 
Meibomian gland orifice plugging 73 (31%) 
TFOS DEWS II diagnostic criteria  
Overall diagnosis of dry eye disease 113 (48%) 
Dry eye symptomology 159 (68%) 
Dry eye signs 177 (75%) 
Evaporative dry eye signs 172 (73%) 
Aqueous deficient dry eye signs 58 (25%) 

 
Table 30. Participant characteristics in rapid non-invasive screening algorithm study 
Demographic and ocular surface characteristics of participants. Data are presented as mean ± SD, median (IQR), 
or number of participants (% of participants). 
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Receiver operating characteristic curves for the discriminative ability of individual components 

of the rapid non-invasive dry eye assessment algorithm in detecting whether participants 

fulfilled the TFOS DEWS II diagnostic criteria are illustrated in Figure 10, and Youden’s 

optimal cut-off thresholds and diagnostic accuracy values are presented in Table 31. The areas 

under the ROC curves exceeded 0.80 for all components of the screening algorithm, and the 

discriminative abilities were significantly greater than chance (all p<0.001). The optimal 

diagnostic thresholds for the rapid non-invasive assessment algorithm was a SANDE score of 

≥30, non-invasive tear film break-up time <10s, tear film lipid layer grade ≤3, and tear 

meniscus height <0.2mm. The overall sensitivity of the global evaluation component of the 

algorithm was 86%, specificity 94%, positive likelihood ratio 15.0, and negative likelihood 

ratio 0.15. 

 

False positive test results occurred in 6 (3%) participants, all of whom reported positive dry 

eye symptomology scores on the SANDE questionnaire, but not the OSDI or DEQ-5 

questionnaires, although the detection of clinical signs of tear film homeostatic disturbance 

were consistent between the full TFOS DEWS II diagnostic battery and the rapid non-invasive 

algorithm.  

 

False negative test results occurred in 18 (8%) participants, of which 6 (3%) participants 

demonstrated positive symptomology scores on the OSDI or DEQ-5 questionnaires, and 

clinical signs of tear film homeostatic disturbance on the basis of osmolarity measurements or 

ocular surface staining, which were not detected by the abbreviated algorithm. Eight (3%) 

participants reported positive scores on the OSDI or DEQ-5 questionnaires, but not the SANDE 

questionnaire, although the detection of clinical dry eye signs was consistent between the TFOS 

DEWS II battery and the abbreviated algorithm. Four (2%) participants demonstrated clinical 

signs of tear film homeostatic disturbance due to abnormal osmolarity measurements or ocular 

surface staining, which were not detected by the abbreviated algorithm, although the positive 

symptomology scores were consistent between the TFOS DEWS II battery and the abbreviated 

algorithm. 
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Figure 10. ROC curves for rapid non-invasive screening algorithm study 
Discriminative ability of the individual components of the rapid non-invasive dry eye assessment algorithm in 
detecting whether participants fulfilled the TFOS DEWS II diagnostic criteria. The assessment for aqueous 
deficient dry eye disease subtype classification signs were identical between the TFOS DEWS II subtype 
classification testing scheme and rapid non-invasive dry eye assessment algorithm, and consisted of tear meniscus 
height measurement, therefore resulting in an area under the receiver operating curve (C-statistic) of 1.0. 
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Table 31. Diagnostic accuracy values in rapid non-invasive screening algorithm study 
Diagnostic accuracy values of the individual components of the rapid non-invasive dry eye assessment algorithm 
in detecting whether participants fulfilled the TFOS DEWS II diagnostic criteria. Asterisks denote statistically 
significant values (p<0.05). The assessment of aqueous deficient dry eye disease subtype classification signs were 
identical between the TFOS DEWS II subtype classification testing scheme and rapid non-invasive dry eye 
assessment algorithm, and consisted of tear meniscus height measurement, therefore resulting in an area under the 
receiver operating curve (C-statistic) of 1.0 and diagnostic accuracy values of 100%. Abbreviations: SANDE, 
Symptom Assessment in Dry Eye questionnaire; NIBUT, non-invasive tear film break breakup time; LLG, tear 
film lipid layer grade; TMH, tear meniscus height.   
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3.6.4. Discussion 
 

The recent global consensus TFOS DEWS II diagnostic test battery was devised to provide 

standardised guidance on the key outcome measures for the screening, diagnosis, classification, 

and monitoring of dry eye disease in future epidemiological studies and clinical trials,38 in part 

to address issues created by the considerable methodological heterogeneity in the existing 

literature.2,14,38,128,129 The full battery allows for a comprehensive evaluation of clinical dry eye 

signs and symptoms, as well as sub-classification tests which facilitate the distinction between 

aqueous tear deficiency and evaporative disease.34,38 However, it is also noted that the 

diagnostic test battery involves the completion of one of two recommended dry eye 

symptomology questionnaires, as well as a mixture of invasive and non-invasive ocular surface 

and tear film assessments, requiring the use of several instruments and instilled ocular dyes.38 

The completion of the full battery of dry eye clinical tests, in its entirety, may therefore not 

always be feasible, especially in resource or time-constrained contexts, such as clinical studies 

with a large number of intermediate time points between the baseline and primary endpoint 

follow-up visits, or screening a large population of potential study participants for suitable 

subjects prior to conducting the full assessment for enrolment eligibility. 

 

The rapid non-invasive assessment algorithm proposed in the current study, in contrast, 

consists of a single dry eye questionnaire, and three non-invasive tear film measurements which 

can be readily performed using a single instrument, such as the Oculus Keratograph® 5M, or a 

portable interferometer akin to the Keeler Tearscope Plus™, in a moderately short space of 

time.38,130 Consisting of two visual analogue questions that rate overall severity and frequency 

of dry eye symptoms on two 100mm scales,38,103,131 the SANDE questionnaire was selected 

specifically due to its relative brevity and simplicity compared to other validated dry eye 

symptomology scores. The results of the current study showed that the algorithm exhibits 

relatively good discriminative ability in detecting whether participants would fulfil the 

diagnosis of dry eye disease, as defined by the full TFOS DEWS II criteria. The area under of 

the ROC curves were in excess of 0.80 for all individual components of the brief algorithm, 

including dry eye symptomology evaluation, and the assessment of overall, aqueous deficient, 

and evaporative dry eye signs. The Youden optimal cut-off, which maximises the overall 

combined sensitivity and specificity, for each of the individual components, were achieved at 

the diagnostic thresholds of a SANDE score ≥30, non-invasive tear film break-up time <10s, 
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tear film lipid layer grade ≤3, and tear meniscus height <0.2mm. At these optimal diagnostic 

cut-offs, the overall sensitivity and specificity values of the global evaluation component of the 

rapid non-invasive assessment algorithm in detecting whether participants fulfilled the TFOS 

DEWS II dry eye disease diagnostic criteria were 86% and 94%, respectively.  

 

However, despite the relatively high level of discriminative ability demonstrated, it is 

acknowledged that the rapid non-invasive assessment algorithm cannot be considered as a 

direct substitute for the TFOS DEWS II diagnostic test battery. Indeed, inconsistencies between 

the rapid non-invasive assessment algorithm and the full TFOS DEWS II diagnostic test battery 

resulted in false positive test results in 3% of participants, and false negative test results in 8% 

of participants. Nevertheless, the algorithm may serve as a valuable screening instrument in 

certain resource or time-constrained situations, such as the assessment of dry eye signs and 

symptoms during multiple intermediate time points of a large clinical study, where the full 

diagnostic test battery might be reserved for the baseline and primary endpoint follow-up visits. 

Another application could be the use of the algorithm as a brief screening assessment of the 

ocular surface status of a large pool of potential participants, prior to conducting the full 

diagnostic test battery on a smaller targeted group of subjects for the purposes of evaluating 

enrolment eligibility for case-control studies or clinical trials.  

 

In conclusion, the current diagnostic accuracy study showed that the rapid non-invasive 

assessment algorithm exhibits relatively good discriminative ability for the detection of dry eye 

disease, as defined by the TFOS DEWS II criteria. The assessment algorithm may therefore 

serve as a useful screening instrument for the full TFOS DEWS II diagnostic test battery, 

especially in resource or time-constrained settings. The rapid non-invasive assessment 

algorithm was subsequently utilised in the Dunedin Multidisciplinary Health and Development 

Study, as described in Section 4.1. 
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CHAPTER 4. EPIDEMIOLOGICAL STUDIES 
 
This chapter presents nine epidemiological studies, which sought to explore significant gaps in 

the contemporaneous dry eye diagnostic epidemiology literature, as discussed in Section 1.5.2. 

 
The content of this chapter overlaps with the following peer-reviewed publications: 

 

• Craig JP, Wang MTM, Ambler A, Cheyne K, Wilson GA. Characterising the ocular 

surface and tear film in a population-based birth cohort of 45-year old New Zealand 

men and women. The Ocular Surface. 2020; 8(4):808-813. 

 

• Wang MTM, Muntz A, Lim J, Kim JS, Lacerda L, Arora A, Craig JP. Ageing and the 

natural history of dry eye disease: a prospective registry-based cross-sectional study. 
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4.1. Population prevalence and sex differences 

4.1.1. Background 
 

The recent TFOS DEWS II Epidemiology report highlighted the significant paucity of 

epidemiological data on the population prevalence of dry eye disease in the Southern 

Hemisphere over the past decade.2 The purpose of this cross-sectional study was to assess the 

prevalence and sex differences of dry eye disease, aqueous tear deficiency, meibomian gland 

dysfunction, and asymptomatic ocular surface disease in a population-based cohort of 45-year-

old New Zealand men and women, using the rapid non-invasive algorithm, which has been 

previously validated against the global consensus TFOS DEWS II diagnostic criteria for dry 

eye disease, as discussed in Section 3.6 and the subsequently generated peer-reviewed 

publication.38,101 

 

4.1.2. Methods 
 

Participants of this population-based, birth cohort, cross-sectional study were enrolled through 

the Dunedin Multidisciplinary Health and Development Study, as described in Section 2.1.2.  

A total of 885 of the 997 participants still alive at the age of 45 years provided written informed 

consent and completed clinical assessments of ocular surface parameters. 

 

Clinical assessments, including the SANDE dry eye symptomology score, non-invasive tear 

film breakup time, tear film lipid layer grade, tear meniscus height, superior and inferior 

meibography grades, bulbar an limbal conjunctival hyperaemia were conducted in a single 

session, as described in Section 2.2. The order of clinical assessments conducted during the 

study visit are listed in Table 32. The diagnostic criteria for dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction were based on the rapid non-invasive dry eye 

assessment algorithm described in Section 3.6, and summarised in Table 33. 

 

Statistical analysis was conducted with Graph Pad Prism version 8.01 (California, USA) and 

IBM SPSS version 24 (New York, USA). Inter-group comparisons of normally distributed 

continuous measures were conducted using the independent samples t test, following 

confirmation with Shapiro-Wilk testing (p>0.05). Non-normally distributed continuous and 
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ordinal data were compared using the Mann-Whitney U test, and categorical data analysed 

using Fisher’s exact test. All tests were two tailed, and p<0.05 was considered significant. Data 

are presented as mean±SD, median (IQR), or number of participants (% of participants) unless 

otherwise stated.  
 
 
 
 

Assessments 

1. SANDE dry eye questionnaire 

2. Conjunctival hyperaemia 

3. Tear meniscus height 

4. Non-invasive tear film breakup time 

5. Tear film lipid layer grade 

6. Infrared meibography 
 
Table 32. Order of clinical assessments in population prevalence study. 
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Table 33. Diagnostic criteria in population prevalence study 
Diagnostic criteria for dry eye disease, aqueous tear deficiency, and meibomian gland dysfunction based on the 
rapid non-invasive dry eye assessment algorithm, which has been previously validated against the global 
consensus TFOS DEWS II diagnostic battery and subclassification testing scheme for dry eye disease.38,101  

Diagnosis Criteria 
 
Dry eye disease 

 
• SANDE score ≥30 
 
AND 
 
• Non-invasive tear film breakup time <10s 
 

 
Aqueous tear deficiency 

 
• Diagnosis of dry eye disease 
 
AND 
 
• Tear meniscus height <0.2mm 
 

 
Meibomian gland dysfunction 

 
• Diagnosis of dry eye disease 
 
AND 
 
• Tear film lipid layer grade ≤3, or meibography grade 

>1 
 

 
Pre-clinical dry eye  

 
• SANDE score ≥30 
 
AND 
 
• Non-invasive tear film breakup time ≥10s 
 

 
Asymptomatic ocular surface disease 

 
• SANDE score <30 
 
AND 
 
• Non-invasive tear film breakup time <10s 
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4.1.3. Results  
 

Of the 1037 participants in the original cohort, 997 were still alive at the age of 45 years, and 

885 (442 females, 443 males, 823 New Zealand European) took part in clinical assessments of 

ocular surface parameters and were included in the current analysis. Ocular surface 

characteristics of participants are presented Table 34, Figure 11 and Figure 14. Overall, clinical 

dry eye signs were present in 402 (45%) participants, of which 78 (9%) participants fulfilled 

the diagnostic criteria for dry eye disease, and 322 (37%) had asymptomatic ocular surface 

disease (Table 34, Figure 11). 

 
 

Characteristic All 
(n=885) 

Male 
(n=443) 

Female 
(n=442) p 

Dry eye symptomology     
SANDE score (out of 100) 9 (3-23) 8 (2-21) 10 (4-25) 0.009* 
Tear film quality     
Non-invasive tear film breakup time (s) 11.5 (6.4-23.9) 15.0 (7.3-27.4) 9.6 (5.7-18.0) <0.001* 
Tear film lipid layer grade (out of 5) 4 (2-4) 4 (3-4) 3 (2-4) 0.002* 
Tear meniscus height (mm) 0.28±0.13 0.29±0.13 0.28±0.12 0.46 
Ocular surface characteristics     
Superior meibography grade (out of 4) 1 (1-2) 1 (1-2) 2 (1-2) 0.002* 
Inferior meibography grade (out of 4) 1 (1-2) 1 (1-2) 1 (1-2) 0.008* 
Bulbar conjunctival hyperaemia (out of 4) 1.0±0.3 1.1±0.3 0.9±0.3 0.007* 
Limbal conjunctival hyperaemia (out of 4) 0.6±0.3 0.7±0.3 0.5±0.2 0.03* 
Rapid non-invasive assessment algorithm     
Dry eye symptoms 156 (18%) 68 (15%) 88 (20%) 0.08 
Dry eye signs 402 (45%) 160 (36%) 242 (55%) <0.001* 
Aqueous deficient dry eye signs 209 (24%) 96 (22%) 113 (26%) 0.18 
Evaporative dry eye signs 615 (69%) 285 (64%) 330 (75%) 0.001* 
Rapid non-invasive diagnostic criteria      
Overall diagnosis of dry eye disease 78 (9%) 26 (6%) 52 (12%) 0.002* 
Aqueous tear deficiency 22 (2%) 8 (2%) 14 (3%) 0.20 
Meibomian gland dysfunction 65 (7%) 24 (5%) 41 (9%) 0.03* 
Mixed dry eye disease 20 (2%) 8 (2%) 12 (3%) 0.38 
Pre-clinical dry eye 77 (9%) 42 (9%) 35 (8%) 0.41 
Asymptomatic ocular surface disease 322 (37%)  134 (30%) 188 (43%) <0.001* 

 
Table 34. Participant characteristics by sex in population prevalence study 
Ocular surface characteristics of participants by sex. Data is presented as mean ± SD, median (IQR), or number 
of participants (% of participants). Asterisks denote statistically significant values (p<0.05). 
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Among participants with dry eye disease, 22 of 78 (28%) exhibited aqueous tear deficiency, 

and 65 of 78 (83%) had meibomian gland dysfunction (Table 34, Figure 12). Of the 22 

participants with aqueous tear deficiency, a significant proportion (20 of 22, 91%) exhibited 

mixed disease with both aqueous deficient and evaporative dry eye signs (Table 34, Figure 12). 

 

 

 
Figure 11. Rates of dry eye signs and symptoms in population prevalence study. 
Area-proportional Venn diagram of proportion of participants with dry eye signs, dry eye symptoms, and fulfilling 
the overall diagnosis of dry eye disease.  
 

 

 
Figure 12. Rates of dry eye disease subtypes in population prevalence study 
Area-proportional Venn diagram of proportion of participants with aqueous tear deficiency, meibomian gland 
dysfunction, and mixed dry eye disease.   
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Females were more likely to be affected by dry eye disease, meibomian gland dysfunction, and 

asymptomatic ocular surface disease (all p<0.05, Figure 13 and Figure 14). 

 

 
Figure 13. Rates of dry eye signs and symptoms by sex in population prevalence study 
Proportion of participants with dry eye signs and symptoms, and fulfilling the overall diagnosis of dry eye disease 
by sex. 
 
 

 
Figure 14. Rates of dry eye disease subtype by sex in population prevalence study 
Proportion of participants with aqueous tear deficiency, meibomian gland dysfunction, and mixed dry eye disease 
by sex. 
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4.1.4. Discussion 
 

The results of this study showed that dry eye disease was present in 9% of the population-based 

cohort of 45-year-old New Zealand men and women. This is comparable to the prevalence rates 

reported by the meta-analysis conducted by the TFOS DEWS II Epidemiology subcommittee, 

which showed that between 8 to 15% of adults between the age of 40 to 49 fulfilled the 

Women's Health Study (WHS) criteria or had been clinically diagnosed with dry eye disease.2 

Interestingly, the prevalence of dry eye disease reported in this predominantly New Zealand 

European cohort were lower than those in similar age groups in population-based studies from 

Asia,2,132-135 and would add weight to the body of evidence which suggests that Asian ethnicity 

is a risk factor for dry eye development across different age groups.2,27,71,72,136,137 Nevertheless, 

it is acknowledged that heterogeneity in methodological design, disease definition, and lifetime 

environmental exposures might have also contributed.2 In the current study, the diagnosis and 

etiological subclassification of dry eye disease were based on the rapid non-invasive dry eye 

assessment algorithm, which has been previously validated and demonstrated high diagnostic 

consistency with the global consensus TFOS DEWS II dry eye disease diagnostic battery and 

subclassification testing scheme, as discussed in Section 3.6.38,101 

 

Among participants with a diagnosis of dry eye disease in the current study, an overwhelming 

majority exhibited meibomian gland dysfunction (83%), while only a smaller proportion (28%) 

demonstrated aqueous tear deficiency. These trends are in agreement with earlier studies which 

report that evaporative disease is the more common dry eye etiological subtype.21,138,139 

Furthermore, among participants with aqueous tear deficiency in the current study, a significant 

proportion (91%) exhibited mixed disease with both aqueous deficient and evaporative dry eye 

signs. 

 

Consistent with the trends observed in the meta-analysis conducted by the TFOS DEWS II 

Epidemiology subcommittee and previous population studies,2,140,141 a higher proportion of 

participants exhibited clinical dry eye signs or symptoms than those fulfilling the diagnostic 

criteria of dry eye disease in the current study. Almost half (45%) of participants demonstrated 

dry eye signs, and just under one-fifth (18%) exhibited dry eye symptoms. Moreover, a 

majority of participants (69%) had evaporative dry eye signs, while signs of aqueous deficiency 

were present in close to one-quarter (24%) of participants. In alignment with the recently 
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updated global consensus definition and classification scheme of dry eye disease,34 both the 

TFOS DEWS II diagnostic criteria and the rapid non-invasive dry eye assessment algorithm 

used in the current study requires the presence of both clinical signs and symptoms for a 

diagnosis of dry eye disease to be made.38,101 This requirement is likely to contribute to the 

considerable discrepancy between the prevalence of dry eye disease and participants exhibiting 

clinical dry eye signs or symptoms, and highlights the importance of accounting for the disease 

definition and methodological design when interpreting the findings of dry eye epidemiological 

studies.2 Nevertheless, it is noted that the global consensus TFOS DEWS II reports would 

recommend the testing of both clinical signs and symptoms in epidemiology studies, where 

resources permit, as discussed in Section 1.6.1.38 

 

A considerable proportion (37%) of participants in the current cohort exhibited asymptomatic 

ocular surface disease. The presence of clinical dry eye signs in the absence of significant 

symptoms can either indicate the presence of neurotrophic conditions, or represent a prodromal 

state with increased risk of developing dry eye disease with time or provocation.21,34 Although 

asymptomatic individuals with prodromal clinical signs are less likely to contact eye care 

services, they might potentially be targeted via public health interventions and risk factor 

modification techniques, including recommended limits on digital screen exposure time.2,14,34 

In addition, those diagnosed with asymptomatic ocular surface disease incidentally during 

routine ophthalmic examination, such as in the pre-operative setting or prior to contact lens 

fitting, may potentially benefit from therapeutic management strategies, such as blinking 

training, eyelid hygiene, and heat therapy, in an attempt to preserve ocular surface health and 

halt the development of dry eye disease,14,34,95,142-144 although evidence regarding the 

prophylactic efficacy in this population group is not currently available. 

  

In agreement with previous reports, female participants were more likely to be affected by dry 

eye disease, meibomian gland dysfunction, and asymptomatic ocular surface disease in the 

current study.2,141,145 Female sex has been classified as a consistent risk factor for dry eye 

disease by the TFOS DEWS II Epidemiology subcommittee, and is thought to be partially 

attributed to the regulatory action of sex steroids, hypothalamic-pituitary and thyroid hormones 

on the ocular surface and immune system, as well as the effects of the sex chromosome 

complement, sex-specific autosomal factors, and epigenetics.2,35 Interestingly, there were no 

significant sex difference in aqueous tear deficiency in this study, and it cannot be reliably 
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determined whether the lower overall baseline rates of the condition in this age group might 

have potentially contributed. 

 

This study is not without limitations. It is acknowledged that changes in the general population 

over time can affect the representativeness of the birth cohort to the reference population. The 

evaluation of ocular surface parameters in only the right eye of participants can potentially 

contribute to false negatives and artificially reduce the disease prevalence rates reported. 

Although the rapid non-invasive dry eye assessment algorithm used in the current study has 

previously been shown to demonstrate high diagnostic consistency with the global consensus 

diagnostic battery and subclassification testing scheme of the TFOS DEWS II, it is 

acknowledged that the two diagnostic criteria are not directly equivalent, which can introduce 

bias to the disease prevalence rates reported. 

 

In conclusion, clinical dry eye signs were present in just under half of participants in this 

population-based cohort of 45-year-old New Zealanders, although only 9% of participants 

fulfilled the rapid non-invasive diagnostic criteria for dry eye disease. The considerable 

population prevalence of asymptomatic ocular surface disease may potentially represent an 

opportunity for preventative public health intervention. 
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4.2. Ageing 

4.2.1. Background 
 

Dry eye disease is an age-related degenerative condition,2,21,26-29 which is projected to have 

increasing public health burden worldwide with the ageing population.2,21,26 The TFOS DEWS 

II reports highlighted the significant paucity of scientific literature on the natural history of dry 

eye disease, as discussed in Section 1.5.2.2 The purpose of this cross-sectional study was 

therefore to investigate the impact of ageing on ocular surface parameters, using diagnostic 

criteria and methodology recommended by the global consensus TFOS DEWS II Diagnostic 

Methodology report, as discussed in Section 1.6.1.38 In addition, the study also sought to 

empirically determine optimal prognostic cut-off ages for clinical markers of dry eye disease, 

aqueous tear deficiency, and meibomian gland dysfunction to provide further insight into the 

natural history of dry eye disease development.  

 

4.2.2. Methods 
 

Participants of this prospective registry-based, cross-sectional study were enrolled through the 

Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, eligibility 

required participants to have no history of major systemic or ophthalmic conditions (other than 

anterior blepharitis and dry eye disease); no use of systemic or topical medications known to 

affect the eye within the previous three months.  

 
Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 35. The diagnostic criteria and thresholds for dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction were based on the global consensus 

recommendations of the TFOS DEWS II and the International Workshop on Meibomian Gland 

Dysfunction,38,87 as discussed in Section 1.6.1 and summarised in Table 36. 
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Statistical analysis was conducted with Graph Pad Prism version 8.01 (California, USA) and 

IBM SPSS version 24 (New York, USA). Univariate and multivariate logistic regression was 

conducted to assess the relationship between ageing and clinical markers of dry eye disease, 

adjusting for sex, ethnicity, contact lens wear, and previous ophthalmic surgery as pre-

designated confounding variables. The Youden-optimal prognostic threshold age for predicting 

clinical markers of dry eye disease were then calculated, and indicates the ages which the 

clinical markers become significant. Data are presented as mean±SD, median (IQR), or number 

of participants (% of participants) unless otherwise stated. 
 

 

 

Assessments 

1. OSDI dry eye questionnaire 

2. Tear meniscus height 

3. Non-invasive tear film breakup time 

4. Tear film lipid layer grade 

5. Tear osmolarity 

6. Ocular surface staining 

7. Meibomian gland expressibility 

8. Infrared meibography 
 
Table 35. Order of clinical assessments in ageing study. 
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Table 36. Diagnostic criteria in ageing study 
Diagnostic criteria for dry eye disease, aqueous tear deficiency, and meibomian gland dysfunction based on the 
global consensus recommendations of the Tear Film and Ocular Surface Society Dry Eye Workshop II (TFOS 
DEWS II) and the International Workshop on Meibomian Gland Dysfunction.38,87 
 

  

Diagnosis Criteria 
 
Dry eye disease 

 
• OSDI score ≥13 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear 
osmolarity ≥308mOsm/L, inter-ocular difference in 
osmolarity >8mOsm/L, corneal fluorescein staining 
>5 spots, conjunctival lissamine green staining >9 
spots, or lid margin staining ≥2mm length and ≥25% 
width 

 
 
Aqueous tear deficiency 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear meniscus height <0.2mm 
 

 
Meibomian gland dysfunction 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear film lipid layer grade ≤3, meibography grade 
>1, meibum expressibility grade ≥1, or expressed 
meibum quality grade ≥1 

 



 

 103 

4.2.3. Results  
 

The mean ± SD age of the 1331 participants (785 females, 546 males) was 38±19 years (range, 

5 to 91 years). Demographic and ocular surface characteristics of participants are presented in 

Table 37 and Figure 15. Overall, 418 (31%) participants fulfilled the TFOS DEWS II criteria 

for dry eye disease, 138 (10%) had aqueous tear deficiency, and 329 (25%) had meibomian 

gland dysfunction. 

 

 
Characteristic Values 
Demographics  
Age (years) 38±19 
Female sex 785 (59%) 
European ethnicity 680 (51%) 
East Asian ethnicity 466 (35%) 
South Asian ethnicity 108 (8%) 
Other ethnicity 77 (6%) 
Contact lens wear 177 (13%) 
Previous ophthalmic surgery 32 (2%) 
Dry eye symptomology  
OSDI score (out of 100) 14 (6-25) 
Tear film quality  
Non-invasive tear film breakup time (s) 10.5 (7.3-15.1) 
Tear film osmolarity (mOsm/L) 306±14 
Inter-ocular difference in osmolarity (mOsm/L) 6 (3-13) 
Tear film lipid layer grade (out of 5) 3 (2-4) 
Tear meniscus height (mm) 0.31±0.14 
Ocular surface characteristics  
Corneal staining >5 spots 237 (18%) 
Conjunctival staining >9 spots 498 (37%) 
Lid wiper epitheliopathy ≥2mm length and ≥25% width 658 (49%) 
Meibomian gland characteristics  
Superior meibography grade (out of 4) 1 (1-2) 
Inferior meibography grade (out of 4) 1 (1-2) 
Meibum expressibility grade (out of 4) 1 (0-3) 
Expressed meibum grade (out of 4) 1 (0-3) 
TFOS DEWS II diagnostic criteria  
Overall diagnosis of dry eye disease 418 (31%) 
Aqueous tear deficiency 138 (10%) 
Meibomian gland dysfunction 329 (25%) 

 
Table 37. Participant characteristics in ageing study 
Demographic and ocular surface characteristics of participants. Data is presented as mean ± SD, median (IQR), 
or number of participants (% of participants). 
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Figure 15. Natural history diagram for ageing study 
Proportion of participants with diagnosis of dry eye disease, meibomian gland dysfunction, and aqueous 
tear deficiency by age group. The optimal prognostic cut-off ages for clinical markers are indicated by 
the arrows above the graph. 
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Unadjusted univariate and multivariate-adjusted odds ratios of clinical markers of dry eye 

disease by age (per 10 year increase) are presented in Table 38. Multivariate regression analysis 

demonstrated positive associations between ageing and clinical markers of dry eye disease, 

aqueous tear deficiency, and meibomian gland dysfunction (all p≤0.001).  

 

Characteristic 

Logistic regression by age (per 10 years) 
Unadjusted univariate Multivariate-adjusted 

OR (95% CI) p OR (95% CI) p 
Dry eye symptomology     
OSDI score ≥13 1.11 (1.05-1.17) <0.001* 1.14 (1.07-1.21) <0.001* 
Tear film quality     
Non-invasive tear film breakup time <10s 1.25 (1.18-1.33) <0.001* 1.27 (1.19-1.36) <0.001* 
Tear film osmolarity ≥308mOsm/L 1.12 (1.06-1.18) <0.001* 1.17 (1.10-1.24) <0.001* 
Inter-ocular difference in osmolarity 
     >8mOsm/L 

1.10 (1.04-1.16) 0.001* 1.11 (1.05-1.17) <0.001* 

Tear film lipid layer grade ≤3 1.17 (1.10-1.24) <0.001* 1.20 (1.14-1.28) <0.001* 
Tear meniscus height <0.2mm 1.21 (1.13-1.29) <0.001* 1.24 (1.17-1.34) <0.001* 
Ocular surface characteristics     
Corneal staining >5 spots 1.31 (1.21-1.39) <0.001* 1.28 (1.20-1.37) <0.001* 
Conjunctival staining >9 spots 1.26 (1.19-1.33) <0.001* 1.21 (1.15-1.29) <0.001* 
Lid wiper epitheliopathy ≥2mm length  
     and ≥25% width 

1.22 (1.15-1.29) <0.001* 1.18 (1.11-1.24) <0.001* 

Meibomian gland characteristics     
Superior meibography grade >1 1.35 (1.27-1.44) <0.001* 1.38 (1.30-1.47) <0.001* 
Inferior meibography grade >1 1.19 (1.13-1.27) <0.001* 1.23 (1.16-1.32) <0.001* 
Meibum expressibility grade ≥1 1.46 (1.36-1.57) <0.001* 1.43 (1.33-1.55) <0.001* 
Expressed meibum quality grade ≥1 1.51 (1.40-1.61) <0.001* 1.54 (1.43-1.65) <0.001* 
TFOS DEWS II diagnostic criteria     
Overall diagnosis of dry eye disease 1.20 (1.13-1.28) <0.001* 1.24 (1.17-1.33) <0.001* 
Aqueous tear deficiency 1.18 (1.09-1.29) <0.001* 1.20 (1.13-1.29) <0.001* 
Meibomian gland dysfunction 1.27 (1.18-1.34) <0.001* 1.32 (1.23-1.42) <0.001* 

 
Table 38. Logistic regression analysis in ageing study 
Logistic regression odds ratio of clinical markers of dry eye disease by age (per 10 year increase). Asterisks denote 
statistically significant values (p<0.05). 
 

  



 

 106 

The Youden-optimal prognostic cut-off ages for clinical markers of dry eye disease are 

illustrated in Table 39 and Figure 15. The optimal prognostic cut-off age for meibomian gland 

dropout, reduced meibum and lipid layer quality occurred during the third decade of life (24 to 

29 years). The optimal predictive ages for lid wiper epitheliopathy, tear film instability, 

hyperosmolarity, and dry eye symptoms occurred during the fourth decade of life (31 to 38 

years). The optimal prognostic thresholds for corneal and conjunctival staining, and reduced 

tear meniscus height occurred in the fifth and sixth decades of life (46 to 52 years). 

 

Contact lens wear was reported in 177 (13%) participants, and previous ophthalmic surgery in 

32 (2%) participants. Sensitivity analysis demonstrated similar trends following the exclusion 

of participants with either a history of contact lens wear and/or previous ophthalmic surgery. 

 

 

Characteristic Youden-optimal prognostic 
cut-off age (years) 

Discriminative 
significance (p value) 

 
Superior meibography grade >1 
 

 
≥24 

 
<0.001* 

Inferior meibography grade >1 
 

≥24 <0.001* 

Meibum expressibility grade ≥1 
 

≥26 <0.001* 

Expressed meibum quality grade ≥1 
 

≥27 <0.001* 

Tear film lipid layer grade ≤3 
 

≥29 <0.001* 

Lid margin staining ≥2mm length and ≥25% width 
 

≥31 <0.001* 

Non-invasive tear film breakup time < 10s 
 

≥33 <0.001* 

Tear film osmolarity ≥308mOsm/L 
 

≥37 <0.001* 

Inter-ocular difference in osmolarity >8 mOsm/L 
 

≥37 <0.001* 

OSDI score ≥13 
 

≥38 <0.001* 

Tear meniscus height <0.2mm 
 

≥46 <0.001* 

Conjunctival staining >9 spots 
 

≥46 <0.001* 

Corneal staining >5 spots 
 

≥52 <0.001* 

 
Table 39. Youden-optimal threshold analysis in ageing study 
Youden-optimal prognostic cut-off age for clinical markers of dry eye disease. Asterisks denote statistically 
significant values (p<0.05). 
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4.2.4. Discussion 
 

In agreement with the findings of earlier reports, the results of the current study showed that 

advancing age was positively associated with clinical markers of dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction.2,21,26-29 Dry eye disease is recognised to be a 

multifactorial, age-related, degenerative condition, which progresses with cumulative lifetime 

exposure to a multitude of environmental and physiological factors, leading to changes in 

hormonal regulation, neurosensory pathways, ocular surface inflammation, and tear film 

homeostasis.2,21,52 The ageing population worldwide means that the global burden of dry eye 

disease is projected to increase.2,21,26 To our knowledge, this study is among the first to 

investigate the impact of ageing on dry eye disease using the global consensus TFOS DEWS 

II criteria,38 and the findings demonstrate that each decade of life is, on average, associated 

with a 24% increased odds of developing dry eye disease. These trends are comparable to those 

reported by the meta-analysis conducted by the TFOS DEWS II Epidemiology subcommittee.2 

 

In the current study, signs of meibomian gland dysfunction emerged earlier in the natural 

history of disease progression, with the optimal prognostic cut-off ages for gland dropout, 

diminished meibum expressibility, and reduced tear film lipid layer quality occurring in the 

third decade of life, between 24 to 29 years of age. In meibomian gland dysfunction, inspissated 

secretions can contribute to stasis, obstruction and inflammation of the ductal system, leading 

to gland atrophy and dropout.21,51 These pathophysiological processes result in diminished 

delivery of meibomian gland secretions to the tear film, compromising the integrity of the 

surface lipid layer and contributing to excessive aqueous tear evaporation and tear film 

instability. 21,41,51 This triggers tear hyperosmolarity and a myriad of inflammatory cascades, 

leading to epithelial damage, goblet cell loss, and disturbances in mucin expression.41 The 

resulting changes to the ocular surface further exacerbate pre-existing tear film instability and 

aqueous tear evaporation, thereby perpetuating the vicious circle of dry eye disease.21,41 

 

Interestingly, a brief delay was observed to occur between the appearance of clinical signs of 

meibomian gland dysfunction and the development of other markers of dry eye disease. In the 

current study, the optimal prognostic cut-off ages for tear film instability, hyperosmolarity, and 

dry eye symptoms occurred during fourth decade of life, between 33 to 38 years of age. This 

delay might indicate some degree of functional reserve in the ocular surface and lacrimal 
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functional unit.27,136 Indeed, a previous study reported that only 45% of meibomian glands were 

active in the healthy adult eye, at any one time, suggesting that a full area of functioning glands 

might not be necessary to maintain tear film homeostasis.127 Moreover, it is conceivable for 

other compensatory mechanisms, such as increased blink rate, to contribute to this ocular 

surface functional reserve.27,71 

 

The transient delay between the emergence of early markers of meibomian gland dysfunction, 

such as gland dropout, and the development of other clinical dry eye signs and symptoms might 

also represent a window of opportunity for preventative intervention.2,14,27,71 Opportunistic 

screening with the routine incorporation of meibography into clinical assessments of young 

adult patients during the third decade of life might help to identify those at greater risk of 

developing dry eye disease.27 Risk factor modification such as limiting digital screen exposure 

time, which is recognised to impact on blink quality, as well as preventative interventions 

including blinking training might be considered.2,14,142 In addition, simple therapeutic 

treatments including heat therapy, eyelid hygiene, and mechanical expression of meibum, with 

reported benefits in improving clinical signs and symptoms,14,27,107,143 could also be 

recommended in an effort to preserve meibomian gland function and halt the development or 

progression of dry eye disease. 

 

Decreased tear meniscus height occurred relatively later in life, with the optimal predictive cut-

off age being 46 years in the current study. These findings would suggest that aqueous tear 

deficiency predominantly affects the older population, consistent with the trends reported 

following the meta-analysis conducted by the TFOS DEWS II Epidemiology subcommittee.2 

 

Finally, conjunctival and corneal staining were among the last clinical markers to emerge in 

the natural history of dry eye progression, with the optimal prognostic thresholds being 46 and 

52 years of age, respectively, in the current study. This contrasts with the relatively younger 

prognostic cut-off age for lid wiper epitheliopathy at 31 years of age. These results are 

consistent with the findings of an earlier study which showed that corneal staining was 

primarily limited to those with moderate-to-severe dry eye, while lid wiper epitheliopathy was 

observed across a broader range of disease severity.27 It has been hypothesised that the lid wiper 

epithelium is among the most sensitive area of the ocular surface, due to exposure to a greater 

amount of shear stress during the blinking mechanism.125,126,146 
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This study is not without limitations. The single university centre setting might have introduced 

selection bias, and the open advertisement recruitment may potentially have been associated 

with volunteer bias, which might have lead to a higher than expected prevalence of dry eye 

disease among the study cohort. In addition, cumulative exposure to lifestyle factors, such as 

digital screen use, may differ by age group due to technological advancements, and these 

differences might potentially impact the trends observed and warrant caution when interpreting 

the results of this study. The potential long term impacts of contact lens wear and previous 

ophthalmic surgery on ocular surface parameters are acknowledged, although these were 

present in a low proportion of the study cohort. Moreover, sensitivity analysis conducted 

following the exclusion of participants with a history of contact lens wear or previous 

ophthalmic surgery demonstrated similar trends and did not affect the conclusions drawn. 

 

In conclusion, advancing age was identified to be a significant risk factor for dry eye disease, 

and the global burden of this condition is projected to increase with the ageing population. 

Signs of meibomian gland dysfunction emerged early in the natural history of disease 

progression during the third decade of life, and the brief delay prior to the development of other 

clinical signs of dry eye disease might indicate a window of opportunity for exploring 

preventative interventions in this age group. 
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4.3. Ethnicity 

4.3.1. Background 
 

The predisposition of the East Asian ocular surface to dry eye disease development is well 

recognised, and the recent TFOS DEWS II Epidemiology report identified Asian ethnicity to 

be a largely consistent risk factor for dry eye disease.2 Indeed, a greater prevalence and severity 

of dry eye symptomology has been reported in Asian population studies relative to Caucasian 

cohorts,2,135,141,145,147 and poorer levels of tear film stability, ocular surface staining, and 

meibomian gland function have also been observed among East Asian ethnic groups.2,137,148,149 

Nevertheless, the lack of consistency in research methodology and disease definition were 

identified by the TFOS DEWS II Epidemiology report to introduce significant difficulties when 

interpreting and comparing the findings reported in earlier studies, as discussed in Section 

1.5.2, and it was unclear whether differences in climate and environmental exposure of the 

geographically disparate populations may have also contributed to the trends observed.2 In part 

to address the issues surrounding the methodological heterogeneity among existing literature, 

the TFOS DEWS II Diagnostic Methodology subcommittee released a series of global 

consensus recommendations and devised a dry eye diagnostic test battery to help provide 

guidance on the key outcome measures for the screening, diagnosis, classification, and 

monitoring of dry eye disease in future epidemiology studies, as discussed in Section 1.6.1.38 

 

Currently, the underlying causes for the Asian ethnic propensity to dry eye disease 

development remain yet to be fully understood, as indeed does the natural history of dry eye 

disease, as acknowledged by the TFOS DEWS II Epidemiology report.2 The purpose of this 

review and pooled analysis was to evaluate direct comparison studies that assess the ocular 

surface and tear film status of co-located Asian and Caucasian participants across different age 

groups, in order to allow methodologically and environmentally controlled comparisons of the 

inter-ethnic differences in the natural history of dry eye development to be made. Where 

possible, the outcomes reported in the studies were also analysed in the context of the current 

understanding of dry eye disease, with particular reference to the findings and 

recommendations made by the recent TFOS DEWS II reports, as discussed in Section 1.6.1.2,38 
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4.3.2. Methods 
 

Literature search 

 

A systematic literature search was conducted using four electronic databases, including 

MEDLINE, EMBASE, PubMed, and the Cochrane Database of Systematic Reviews, to 

identify peer-reviewed publications reporting original studies comparing the ocular surface and 

tear film status of co-located Asian and Caucasian participants, between January 1 1980 and 

June 30 2018. Appropriate keyword, subject heading, free text, and thesaurus search terms 

were used to maximise the sensitivity of the search strategy in identifying all relevant studies, 

and included: “Asian” AND “European” OR “Caucasian” AND “dry eye” OR “ocular surface” 

OR “tear film” OR “lacrimal gland” OR “lacrimal apparatus” OR “lacrimal functional unit” 

OR “meibomian gland”. The reference lists of retrieved articles were also reviewed for further 

identification of potentially relevant studies. All direct comparison studies assessing dry eye 

symptomology, ocular surface characteristics, and/or tear film parameters of co-located Asian 

and Caucasian participants across any age group were included. The literature search was 

conducted independently by the investigators, and discrepancies between investigators 

resolved by discussion and consensus. A total of 96 references were identified through the 

systematic literature search strategy, following removal of duplicate records. Initial abstract 

screening identified nine potentially relevant studies, and following full text review, a total of 

five studies were deemed to fulfil the inclusion criteria (Figure 16). 71,72,136,149,150 

 

The characteristics of the five included studies are summarised in Table 40. Of the five studies 

included, three were age and environmentally-controlled cross-sectional studies investigating 

ocular surface characteristics, tear film quality, and dry eye symptomology of members of the 

general public, across different age groups, recruited by a single university research 

centre.71,72,136 The outcome measures of the three studies were congruent with the global 

consensus recommendations of the TFOS DEWS II Diagnostic Methodology report as 

discussed in Section 1.6.1,38 and population-based open recruitment strategies were used. 

Furthermore, the requirement for participants to be New Zealand-born Auckland residents in 

the pediatric and young adult studies, and the need of participants to have resided in Auckland 

for at least 15 years to be eligible for enrolment in the adult study, provided some degree of 

control over the climate and environmental exposure of the recruited participants.   
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Figure 16. PRISMA flowchart for ethnicity review 
Summary of study selection process. 
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Table 40. Study characteristics in ethnicity review 
Characteristics of the studies reviewed. Abbreviations: TFOS DEWS II, Tear Film and Ocular Surface Society 
Dry Eye Workshop II; OSDI, Ocular Surface Disease Index; DEQ-5, 5-Item Dry Eye Questionnaire; DEFC, 
University of California Berkeley Clinical Research Centre Dry Eye Flow Chart.   
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The two remaining studies were both retrospective in design, with one study examining corneal 

staining and dry eye symptomology among contact lens wearers recruited via mixture of clinic 

and population-based enrolment strategies.150 The final study was a hospital-based 

retrospective analysis evaluating ocular surface characteristics, tear film quality, and dry eye 

symptomology of patients within 12 months of LASIK surgery.149  

 

Statistical analysis 

 

Because of the methodological homogeneity of the three age and environmentally-controlled 

cross-sectional studies conducted at the same institute,71,72,136 with outcome measures that were 

congruent to the TFOS DEWS II diagnostic test battery for dry eye disease as discussed in 

Section 1.6.1,38 the raw data of individual participants from the three studies were pooled and 

then separated into 8 subgroups based on both ethnicity (Asian or Caucasian) and age: pediatric 

(5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult (46 

years and above). The pooled analysis included a total of 350 participants (145 males, 205 

females) with a mean ± SD age of 32 ± 17 years. The demographic breakdown of the 8 

subgroups is presented in Table 41. In all three studies, clinical measurements were conducted 

on the right eye of each participant,71,72,136 with the exception of tear osmolarity, where the 

higher reading and inter-ocular difference were recorded, as per the global consensus 

recommendations of the TFOS DEWS II Diagnostic Methodology report as discussed in 

Section 1.6.1.38 It is acknowledged that the modest sample size and number of studies can 

introduce limitations when interpreting the findings of the pooled analysis, and the potential 

for publication bias cannot be excluded. 

 

Statistical analysis of the pooled dataset was conducted using Graph Pad Prism version 6.02 

(California, USA). Inter-ethnic comparisons of normally distributed continuous variables 

fulfilling Kolmogorov-Smirnov testing (p>0.05) were performed using unpaired t-tests. Non-

normally distributed continuous and ordinal data were analysed using the Mann-Whitney U 

test, and categorical data using Fisher’s exact test. Odds ratios of the proportion of participants 

in each subgroup fulfilling the TFOS DEWS II dry eye diagnostic criteria as described in 

Section 1.6.1, and those exhibiting incomplete blinking, are visualised using box plots 

produced by Cochrane Review Manager version 5.4 (Oxford, UK). All tests were two-tailed 

and p<0.05 was considered significant. Data are presented as mean ± SD, median (IQR), and 

number of participants (% of participants), unless otherwise stated.   
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The outcomes reported by the two retrospective studies are discussed separately,149,150 but 

could not be pooled due to the marked heterogeneity in methodology, outcome measures, and 

disease definition. 

 

Age category 
Asian Caucasian 

Total Male Female Total Male Female 
 
Pediatric 
  

 
45(13%) 

 
17 (5%) 

 
28 (8%) 

 
25 (7%) 

 
15 (4%) 

 
10 (3%) 

Young adult 
 

51 (15%) 24 (7%) 27 (8%) 23 (7%) 7 (2%) 16 (5%) 

Middle adult 
 

52 (15%) 20 (6%) 32 (9%) 52 (15%) 20 (6%) 32 (9%) 

Older adult 
 

51 (15%) 21 (6%) 30 (9%) 51 (15%) 21 (6%) 30 (9%) 

Total 
 

199 (57%) 82 (23%) 117 (33%) 151 (43%) 63 (18%) 88 (25%) 

 
Table 41. Demographic characteristics in ethnicity review 
Demographic breakdown of the pooled analysis of Asian and Caucasian participants by gender and age category: 
pediatric (5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult (46 years and 
above). Data are presented as the number of participants (% of all participants). 
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4.3.3. Results and discussion 
 

Ocular surface homeostasis markers 

 

Pooled analysis of Asian and Caucasian participant ocular surface homeostasis markers, as 

defined by the TFOS DEWS II diagnostic test battery,38 including non-invasive tear film 

breakup time, tear osmolarity, and ocular surface staining, is presented by age category in Table 

42. 

 

Parameter Asian Caucasian p 
Non-invasive tear film breakup time (s)    
Pediatric  10.6 (6.1-18.9) 13.8 (9.5-24.3) 0.38 
Young adult 10.2 (6.6-16.4) 11.4 (7.2-17.5) 0.46 
Middle adult 6.6 (4.7-10.3) 9.5 (5.9-13.2) 0.04* 
Older adult 5.2 (4.0-8.5) 8.1 (4.8-10.8) 0.02* 
Tear film osmolarity (mOsm/L)    
Pediatric  301±9 303±7 0.32 
Young adult 304±17 307±12 0.45 
Middle adult 310±13 306±10 0.04* 
Older adult 313±14 308±11 0.03* 
Inter-ocular difference in osmolarity (mOsm/L)    
Pediatric  6±5 6±5 0.73 
Young adult 7±6 5±5 0.17 
Middle adult 9±8 6±5 0.02* 
Older adult 10±8 7±6 0.03* 
Corneal fluorescein staining >5 spots    
Pediatric  1/45 (2%) 1/25 (4%) >0.99 
Young adult 7/51 (14%) 2/23 (9%) 0.71 
Middle adult 12/52 (23%) 8/52 (15%) 0.46 
Older adult 22/51 (43%) 11/51 (22%) 0.03* 
Bulbar lissamine green conjunctival staining >9spots    
Pediatric  11/45 (24%) 3/25 (12%) 0.35 
Young adult 19/51 (37%) 7/23 (30%) 0.43 
Middle adult 29/52 (56%) 19/52 (37%) 0.08 
Older adult 35/51 (69%) 24/51 (47%) 0.04* 
Lid margin staining ≥2mm length and ≥25% width    
Pediatric  14/45 (31%) 2/25 (8%) 0.03* 
Young adult 26/51 (51%) 5/23 (22%) 0.02* 
Middle adult 35/52 (67%) 20/52 (38%) 0.006* 
Older adult 39/51 (76%) 27/51 (53%) 0.01* 
Blink rate    
Pediatric  22±11 18±10 0.21 
Young adult 21±12 22±13 0.60 
Middle adult 23±17 21±11 0.46 
Older adult 26±19 23±12 0.25 

 
Table 42. Ocular surface characteristics in ethnicity review 
Pooled analysis of the ocular surface homeostasis markers and blink rates of Asian and Caucasian participants by 
age category: pediatric (5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult 
(46 years and above). Data are presented as mean ± SD, median (IQR), or number of participants (% of participants 
in each subgroup). Asterisks denote statistically significant differences (p<0.05).   
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Tear film parameters 

 

As global markers of tear film homeostasis, disturbances in tear film stability and osmolarity 

are thought to play an integral role in the pathophysiology of ocular surface disease through 

perpetuating the vicious circle of dry eye.21,41 Hyperosmolarity of the tear film can induce 

cascades of inflammatory mediator release, leading to the damage of corneal and conjunctival 

epithelium, disturbances in mucin expression, and goblet cell loss.21 The resulting changes may 

exacerbate tear film instability and hyper-evaporation, which further amplifies pre-existing tear 

film hyperosmolarity.21,41 

 

Overall, the results of the pooled analysis showed that ethnic differences in tear film 

homeostasis markers did not become apparent until the middle adult age group and beyond. 

There were no significant differences in the tear film quality of Asian and Caucasian 

participants in the pediatric and young adult populations. However, in both the middle and 

older adult populations, Asian participants were more symptomatic, and exhibited poorer levels 

of tear film stability, tear osmolarity, and inter-ocular difference in osmolarity than the 

Caucasian ethnic group. These trends are likely a reflection of the recognised association 

between dry eye disease and advancing age,2,135,137,147,151 with differences between ethnic 

groups being more readily detected in the older age groups with a higher overall prevalence 

and severity of clinical dry eye signs. 

 

Ocular surface staining 

 

Ocular surface staining is a traditional marker of dry eye severity, and signifies compromise of 

the integrity of the corneal, conjunctival, and lid margin epithelium.38,152 The altered tear film 

homeostasis in dry eye disease can contribute to ocular surface epithelial damage through 

inflammatory cascades triggered by tear film hyperosmolarity, increased risk of desiccation 

resulting from tear film instability and hyper-evaporation, and reduced lubrication and greater 

frictional forces generated during the blinking mechanism.21,41,126,153 

 

The pooled analysis showed that Asian participants demonstrated a higher degree of lid wiper 

epitheliopathy than Caucasian groups throughout all age categories, from the pediatric to older 

adult populations. However, significant differences in the proportion of Asian and Caucasian 

participants fulfilling the TFOS DEWS II diagnostic thresholds for corneal and bulbar 
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conjunctival staining were limited to the older adult age group only. Together with the lower 

overall proportions of participants exhibiting corneal and conjunctival than lid margin staining, 

especially among the pediatric and young adult populations, these trends would lend support 

to the hypothesis that lid wiper epitheliopathy may be an earlier clinical sign in the natural 

history of dry eye development than corneal or conjunctival staining. Indeed, it has been 

increasingly acknowledged that corneal staining may be a sign indicative of more severe dry 

eye disease, which lacks discriminatory power in mild-to-moderate disease, as discussed in 

Section 3.4.38,125,146 In contrast, the epithelial tissue of the lid wiper, being exposed to the 

greatest amount of shear stress during the blinking mechanism, has been suggested to be a more 

sensitive area of the ocular surface.38,126,146  

 

Nevertheless, the presence of significant ethnic differences in lid wiper epitheliopathy in the 

pediatric and young adult populations, in the absence of similar trends in tear film homeostasis 

markers, would suggest that the Asian ethnic susceptibility towards lid margin staining may 

not be entirely explained by disparities in the prevalence and severity of dry eye disease. In 

addition to the increased desiccation risk and reduced lubrication afforded by the altered tear 

film in dry eye disease,21,41,126,153 it has been suggested that increased eyelid tension, related to 

the anatomical differences between the Asian and Caucasian eye, might also predispose 

towards the development of lid wiper epitheliopathy.136,154-157 Indeed, the positive association 

between eyelid tension and lid wiper epitheliopathy has been previously reported, and was 

thought to be mediated through the higher levels of shear stress generated during blinking with 

increased eyelid tension.154 Furthermore, the greater frictional forces generated during the 

blinking mechanism may also increase the risk of ocular surface epithelial damage, which can 

trigger inflammatory cascades and serve as an independent entry point to the vicious circle of 

dry eye disease.21,41 

 

The increased tension of the Asian eyelid is thought to be related to a number of previously 

described anatomical differences between the Asian and Caucasian eye, including the location 

of the attachment of the levator palpebrae superioris aponeurosis to the dermis, the tarsal plate 

depth and volume of the submuscular fibroadipose tissue, and the distribution of subcutaneous 

fat in the eyelid and orbit.136,158-160 In the Caucasian eyelid, the levator aponeurosis pierces the 

orbital septum at a higher point, allowing the superior palpebral crease to be created by the 

fibrous attachments to the subcutaneous tissue. In contrast, the lower aponeurosis fibrous 

attachment position in the Asian eye results in the absence of the lid crease in 40-60% of the 
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population.158-160 The impacts of these morphological differences on corneal topography is well 

recognised, and thought to predispose towards increased corneal deformation, and the higher 

prevalence of with-the-rule astigmatism consistently reported among Asian populations.157,161 

Indeed, trends towards more pronounced corneal astigmatism in Asian participants not 

exhibiting the eyelid crease were observed in both the pediatric and young adult age groups, 

where ocular biometry measurements were available.71,136 Finally, in addition to anatomical 

differences in the eyelid structures, the greater prevalence of myopia and the associated 

increase in axial length in Asian populations162,163 might also contribute towards the greater 

levels of tension and shear stress exerted onto the globe by the eyelids.136 

 

Dry eye symptomology 

 

Pooled analysis of the Ocular Surface Disease Index (OSDI) and McMonnies Questionnaire 

dry eye symptomology scores of Asian and Caucasian participants is presented by age category 

in Table 43.  

 

 
Parameter Asian Caucasian p 

OSDI score (out of 100)    
Pediatric  12±12 8±7 0.21 
Young adult 16±14 15±9 0.88 
Middle adult 27±19 18±15 0.02* 
Older adult 34±23 20±17 <0.001* 
McMonnies score (out of 45)    
Pediatric  4±3 3±3 0.33 
Young adult 6±4 7±4 0.45 
Middle adult 14±11 12±9 0.31 
Older adult 19±12 15±10 0.17 

 
Table 43. Dry eye symptomology in ethnicity review. 
Pooled analysis of dry eye symptomology scores of Asian and Caucasian participants by age category: pediatric 
(5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult (46 years and above). 
Data are presented as mean ± SD. Asterisks denote statistically significant differences (p<0.05). 
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OSDI scores were significantly higher among Asian than Caucasian participants in the middle 

and older adult age categories, although no significant differences were detected in the pediatric 

and young adult subgroups. This mirrors the trends observed in the pooled analysis for tear 

film homeostasis markers, and is likely related to the positive association between dry eye 

disease and advancing age, with the lack of ethnic differences in the pediatric and young adult 

populations being potentially attributable to the relatively lower overall severity of dry eye 

signs and symptoms.2,135,137,147,151 

 

Interestingly, the McMonnies Dry Eye Questionnaire scores did not differ significantly 

between ethnic groups in any of the age categories. The 5-Item Dry Eye Questionnaire (DEQ-

5) symptomology scores were available for the middle and older adult age categories only, and 

similarly, no significant inter-ethnic differences were detected between the Asian and 

Caucasian participants (middle adult age category: 6±4 vs. 5±4, p=0.23; older adult age 

category: 9±5 vs. 7±5, p=0.12). It cannot be reliably determined whether the discordant trends 

observed between the three dry eye symptomology scores are a reflection of the intrinsic 

participant characteristics of the pooled analysis, the discriminative abilities of the validated 

symptomology questionnaires, or a combination of both factors. Nevertheless, it is noted that 

the DEQ-5 questionnaire was validated on patients with Sjögren syndrome, with predominantly 

aqueous deficient dry eye disease.81 In the current review, the pooled analysis of dry eye 

subtype classification tests of Asian and Caucasian participants (Table 44) showed that the 

mean tear meniscus heights of all subgroups were within physiological range,38 while adverse 

changes in meibomian gland morphology and function were more common, especially among 

adult Asian participants. This would indicate a greater underlying susceptibility towards 

evaporative than aqueous deficient dry eye disease among participants included within the 

pooled analysis, which may contribute towards the differences observed between the OSDI and 

DEQ-5 scores. 
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Dry eye disease diagnosis 

 

Box plots of the pooled odds ratios of Asian participants fulfilling the TFOS DEWS II 

diagnostic criteria for dry eye disease relative to Caucasian participants are presented by age 

category in Figure 17. Consistent with the trends observed in the two arms of the TFOS DEWS 

II diagnostic test battery (dry eye symptomology and tear film homeostasis markers), ethnic 

differences between the proportion of Asian and Caucasian participants fulfilling the dry eye 

diagnostic criteria were limited to the middle adult age category and beyond, and no significant 

differences were observed in the pediatric and young adult populations. Nevertheless, the 

magnitudes of the odds ratios in each of the age category subgroups, ranging from 1.31 to 3.01, 

are largely in agreement with the odds ratio estimate of between 1.5 and 2.2 reported by the 

meta-analysis conducted by the TFOS DEWS II Epidemiology subcommittee,2 and also 

congruent with the findings of previous population studies based in Asia which have reported 

higher prevalence rates of symptomatic dry eye than Caucasian cohorts.2,135,141,145,147 

 

 

 

 
Figure 17. Box plots of dry eye disease diagnosis in ethnicity review 
Pooled odds ratios of Asian participants fulfilling the TFOS DEWS II dry eye disease diagnostic criteria relative 
to Caucasian participants by age category: pediatric (5 to 17 years), young adult (18 to 25 years), middle adult 
(26 to 45 years), and older adult (46 years and above). 
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Blinking patterns 

 

Pooled analysis of the blink rate of Asian and Caucasian participants is presented by age 

category in Table 42, and box plots of the pooled odds ratios of Asian participants exhibiting 

incomplete blinking relative to Caucasian participants are presented in Figure 18. In the three 

studies comprising the pooled analysis, incomplete blinking or the lack of apposition of the 

eyelids was deemed to be present if noted during infrared video recording collected during 

natural blinking periods between ocular measurements, or within a period of natural blinking 

around assessment of ocular surface staining. 

 

 

 
Figure 18. Box plots of incomplete blinking in ethnicity review 
Pooled odds ratios of Asian participants exhibiting incomplete blinking relative to Caucasian participants by age 
category: pediatric (5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult 
(46 years and above). 
 

 

There were no significant inter-ethnic differences in blink rate, although the proportion of 

participants exhibiting incomplete blinking was significantly higher in Asian than Caucasian 

participants across all age categories. The underlying reasons for the higher degree of 

incomplete blinking among Asian participants is not completely understood, although the 

anatomical predisposition towards increased eyelid tension, observed indirectly through the 

greater severity of corneal astigmatism and lid wiper epitheliopathy, may potentially 

contribute.71,136,154-157,161 It is thought that increased eyelid tension may represent higher levels 

of frictional forces that would need to be overcome during the blinking mechanism,154 and it is 

conceivable for this to be related to the greater degree of incomplete blinking observed among 

the Asian participants.136 Future cross-sectional and prospective longitudinal studies exploring 

the relationship between eyelid tension, blinking patterns, and ocular surface status are required 

to achieve a greater understanding of the reasons predisposing the Asian population towards a 

higher degree of incomplete blinking. 
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The blinking mechanism plays a central role in ocular surface homeostasis, through 

replenishing and spreading the constituents of the tear film, as well as stimulating the flow and 

secretion of the meibomian lipids.21,142,164-166 Incomplete blinking is thought to predispose 

towards the development of evaporative dry eye disease and meibomian gland dysfunction 

through a number of different mechanisms,21,71,142,164,165 and an age and ethnicity-matched 

cross sectional study, presented in Section 4.4, demonstrated that incomplete blinking was 

associated with a two-fold increased risk of dry eye disease, in addition to poorer levels of tear 

film quality, meibomian gland dropout and function.142 The increased effective inter-blink 

interval associated with incomplete blinking can subject the inferior ocular surface to a greater 

risk of evaporative tear loss and epithelial desiccation.21,71,142,164,165 The reduction in 

mechanical forces generated by the eyelids and muscles of Riolan during incomplete blinking 

might also reduce of delivery of meibomian lipids to the ocular surface, with the potential to 

further amplify any pre-existing susceptibility towards tear film hyper-evaporation.21,164-168 The 

diminished flow of meibomian gland secretions may also result in stasis, obstruction, 

inflammation, and atrophy of the ductal system, which eventually contributes towards gland 

loss and dropout.51,164,165,169 In addition, hyper-evaporation of the tear film can lead to 

hyperosmolarity, thereby triggering and perpetuating a vicious cycle of ocular surface 

inflammation, with the potential of further compromising meibomian gland health.21,41 

 

It is acknowledged that the cross-sectional nature of the current pooled analysis precludes the 

inference of causal relationships, and that the potential for subtle changes in the eyelid margin, 

induced by meibomian gland dysfunction, to affect blink completeness cannot be entirely 

excluded.142 Nevertheless, the onset of ethnic differences in blinking patterns in the pediatric 

population is noted to occur earlier than the ethnic disparities in meibomian gland dropout, 

which is first detected in the young adult population (Table 44). This would appear to provide 

some evidence in support of the hypothesis that incomplete blinking precedes the development 

of meibomian gland dysfunction in the natural history of evaporative dry eye disease.136,142 

 

The potential association between blinking patterns and the state of ocular surface health would 

lend support for current recommendations of incorporating blink training as part of the multi-

modal approach to the prevention and treatment of dry eye disease.14,165 It is thought that blink 

training and exercises can enhance tear film distribution over the ocular surface, and may 

potentially help to preserve meibomian gland function through enhancing the delivery and flow 

of lipid secretions onto the tear film. 164,165,170,171 Indeed, improvements in the quality of the 
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tear film lipid layer have previously been observed with deliberate and repeated forceful 

blinks.170 Furthermore, techniques which encourage increased blinking, including animations 

during digital screen use, have also been demonstrated to reduce dry eye symptoms.171 

However, future prospective research is required to determine whether these techniques might 

also reduce clinical signs of dry eye disease, or even potentially retard the decline in meibomian 

gland function.142 

 

Meibomian gland assessment 

 

Pooled analysis of meibomian gland morphology and functional assessments of Asian and 

Caucasian participants, including meibomian gland dropout, expressed meibum quality, and 

tear film lipid layer grade, is presented by age category in Table 44. 

 

 
Parameter Asian European p 

Tear meniscus height (mm)    
Pediatric  0.24±0.06 0.24±0.05 0.67 
Young adult 0.27±0.06 0.25±0.07 0.32 
Middle adult 0.29±0.09 0.30±0.08 0.59 
Older adult 0.28±0.11 0.29±0.09 0.78 
Superior meibography grade (out of 4)    
Pediatric  1 (0-1) 1 (0-1) 0.73 
Young adult 2 (1-3) 1 (0-2) 0.004* 
Middle adult 2 (1-3) 1 (0-2) <0.001* 
Older adult 3 (1-3) 2 (1-2) 0.02* 
Inferior meibography grade (out of 4)    
Pediatric  1 (0-1) 1 (0-1) 0.29 
Young adult 2 (1-2) 1 (0-2) 0.02* 
Middle adult 2 (1-3) 1 (0-2) <0.001* 
Older adult 2 (1-3) 2 (1-2) 0.03* 
Expressed meibum grade (out of 4)    
Pediatric  0 (0-1) 0 (0-0) 0.16 
Young adult 1 (1-2) 1 (0-2) 0.12 
Middle adult 2 (1-2) 1 (0-2) 0.02* 
Older adult 2 (1-3) 2 (1-2) 0.03* 
Tear film lipid layer grade (out of 5)    
Pediatric  3 (2-4) 3 (2-4) 0.48 
Young adult 3 (2-4) 3 (2-4) 0.41 
Middle adult 3 (2-4) 4 (2-4) 0.04* 
Older adult 2 (2-3) 3 (2-4) 0.03* 

 
Table 44. Dry eye disease subtype classification testing ethnicity review 
Pooled analysis of dry eye disease subtype classification tests of Asian and Caucasian participants by age category: 
pediatric (5 to 17 years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult (46 years and 
above). Data are presented as mean ± SD. Asterisks denote statistically significant differences (p<0.05).   



 

 125 

Meibomian gland morphology 

 

Meibomian gland dropout was significantly greater in Asian than Caucasian participants, from 

the young adult age category and beyond, but did not differ significantly in the pediatric 

population. In the pediatric age group, only minimal levels of dropout were detected, with more 

than 85% of participants from both ethnic groups exhibiting superior and inferior meibography 

grades of 1 or less. These findings are in agreement with the low levels of dropout observed in 

previous Asian and Caucasian pediatric studies,169,172-174 including a Japanese study which 

demonstrated the absence of any signs of meibomian gland dropout or shortening in children 

under the age of 3 years.172 In combination with the positive association reported between 

increasing age and meibomian gland dropout in earlier population studies,2,175-177 these trends 

would lend support to the hypothesis that infants are born with a complete set of meibomian 

glands, which begin to atrophy and dropout with advancing age.172,175,178 The inter-ethnic 

differences in dropout observed in the young adult age category and beyond, but not the 

pediatric age group, would suggest that the age-related process of meibomian gland atrophy 

occurs more rapidly in Asian than Caucasian populations.136 Although the exact mechanisms 

contributing to the more rapid rate of gland atrophy is not fully understood, it may potentially 

be related to the higher degree of incomplete blinking observed in the Asian eye across all age 

categories, which in turn is thought to reduce the flow of meibomian secretions and trigger 

obstruction, inflammation and eventual gland loss.21,71,142,164,165 Indeed, the association 

between incomplete blinking and poorer meibomian gland function and higher levels of 

dropout was recently demonstrated in an age and ethnicity-matched cross sectional study.142 

 

Interestingly, despite the lack of overall difference in gland dropout in the pedatric age group, 

significant ethnic variations in morphology patterns were observed.136 A higher proportion of 

Asian pediatric participants exhibited gland shortening, which was previously suggested to be 

an early marker of gland atrophy,172 and may potentially provide further evidence in support 

of the more rapid decline and atrophy of meibomian glands among Asian populations.136,172 In 

contrast, gland tortuosity was observed more commonly in the pediatric Caucasian eyelid. 

Although the central tarsal plate meibomian gland count did not differ significantly between 

ethnic groups, it was suggested that that the higher degree of gland tortuosity may potentially 

represent a greater density of glands within the tarsal plate.136 Nevertheless, it is not known 

whether this may potentially translate into a higher underlying functional reserve, conferring 

some degree of protection towards the pathological effects of gland atrophy associated with 
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ageing, or even contribute towards the lower prevalence and severity of meibomian gland 

dysfunction and dry eye disease observed in adult Caucasian populations.2,135,136,141,145,147,175-

177 An alternative published hypothesis suggested that gland tortuosity may in fact be related 

to poorer function, although mixed findings have recently been reported for the association 

between gland tortuosity and tear film function in adult populations.174,179,180 

 

Meibomian gland function 

 

Measurements of meibomian gland function, including expressed meibum quality and tear film 

lipid layer thickness, were significantly poorer in Asian than Caucasian participants in the 

middle and older adult populations, but no significant differences were detected in the pediatric 

and young adult populations. These trends were congruent with those observed in tear film 

homeostasis markers, dry eye symptomology overall disease diagnosis (as defined by the TFOS 

DEWS II criteria), and largely in agreement with earlier studies reporting a higher prevalence 

of meibomian gland dysfunction in adult populations based in Asia, with some prevalence rates 

exceeding 65%.2,68,145,181,182 The ethnic differences in meibomian gland morphology and 

function would suggest that the Asian ethnic predisposition to dry eye disease may, at least in 

part, be attributable to the underlying susceptibility towards secretory dysfunction of the 

meibomian glands.2 Diminished quality of the meibum and tear film lipid layer can exacerbate 

aqueous tear evaporation,21,51,64 leading to tear film instability, hyperosmolarity, ocular surface 

desiccation, and symptoms of dry eye disease.21,41  

 

However, it was noted that the onset of ethnic differences in meibomian gland function, in the 

middle adult population, occurred later than disparities in gland dropout, which were first 

detected in the young adult population. This may represent some degree of functional reserve 

in the ocular surface, with an earlier study reporting that only 45% of meibomian glands are 

active, at any one time, in the healthy adult eye, suggesting that a full area of functional glands 

may not be necessary to preserve ocular surface health.127 Furthermore, it is not known whether 

other compensatory mechanisms, such as increased blink rate, may be related to the delayed 

ethnic divergence in gland function, although this was not borne out by the results of the current 

analysis.165,183 Cumulative exposure to a variety of environmental and hormonal factors might 

also contribute.2,35,71,184 Nevertheless, the lag between ethnic differences in gland morphology 

and gland function would suggest that preventative approaches could be indicated. The routine 

incorporation of meibography into clinical assessments may help to identify individuals at 
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higher risk of developing dry eye disease,174,185 and blink training, heat therapy, eyelid hygiene, 

and physical expression of meibum might prove to aid the preservation of meibomian gland 

health.14,94,95,107,143,186-188 
 

Aqueous tear production 
 

Tear meniscus height is a non-invasive measurement that reflects basal aqueous tear production 

and volume, and is recommended by the TFOS DEWS II Diagnostic Methodology report as 

the dry eye subtype classification test of choice for assessing the presence of aqueous deficient 

dry eye disease.38 The pooled analysis demonstrated that tear meniscus height did not differ 

significantly between Asian and Caucasian participants across any age category (Table 44), 

and the mean values of all subgroups remained within normal physiological limits, well above 

the TFOS DEWS II aqueous deficient dry eye diagnostic threshold of <0.2mm.38 These 

findings would suggest that aqueous tear deficiency is less likely than hyper-evaporative 

mechanisms to be contributing towards the ethnic differences in dry eye disease observed 

between Asian and Caucasian populations. 
 

Overall trends in the natural history of dry eye development 
 

A summary of the ethnic differences in the natural history of dry eye disease are presented in 

Table 45 and Figure 19. The earliest signs of ethnic disparities in ocular surface status were the 

higher degrees of incomplete blinking and lid wiper epitheliopathy in pediatric Asian 

participants, which may be related to the anatomical predisposition towards greater levels of 

eyelid tension.136,154-157 The increased tendency towards incomplete blinking is likely to 

predispose towards the higher levels of meibomian gland dropout in young adult Asian 

participants.21,71,142,164,165 However, the underlying functional reserve of the ocular surface,71,127 

as well as contributions from environmental and hormonal factors, 2,35,71,184 may provide some 

explanation for the delayed onset of inter-ethnic disparities in meibomian gland function, tear 

film homeostasis markers, dry eye symptomology and overall disease diagnosis (as defined by 

the TFOS DEWS II criteria38) that become apparent in the middle adult population. Corneal 

and conjunctival staining are likely to be later signs indicative of more severe disease,38,125,146 

and ethnic differences in these features were limited to the older adult population. Finally, the 

absence of significance ethnic differences in tear meniscus height measurements across all age 

groups would indicate that aqueous tear deficiency is less likely than hyper-evaporative 

mechanisms to contribute towards the Asian ethnic predisposition to dry eye disease.38,142 



 

 128 

 

Table 45. Natural history summary table for ethnicity review 
Summary of the ethnic differences in the natural history of dry eye disease by age category: pediatric (5 to 17 
years), young adult (18 to 25 years), middle adult (26 to 45 years), and older adult (46 years and above). 
 
 
 

 
Figure 19. Natural history diagram for ethnicity review 
Summary of the onset of ethnic differences in the natural history of dry eye disease.  
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Parameter Surrogate Measurement 

Presence of significant ethnic differences 
between the Asian and Caucasian eye 

 
Pediatric Young adult Middle adult Older adult 

Eyelid shear stress Lid wiper epitheliopathy Yes Yes Yes Yes 
Blinking pattern Incomplete blinking Yes Yes Yes Yes 
Meibomian gland morphology Meibomian gland dropout No Yes Yes Yes 
Meibomian gland function Expressed meibum quality No No Yes Yes 

Tear film lipid layer grade No No Yes Yes 
Tear film homeostasis Non-invasive breakup time No No Yes Yes 

Tear osmolarity No No Yes Yes 
Dry eye symptomology OSDI score No No Yes Yes 
Dry eye disease diagnosis TFOS DEWS II criteria No No Yes Yes 
Ocular surface staining Bulbar conjunctival staining No No No Yes 

Corneal staining No No No Yes 
Aqueous tear production Tear meniscus height No No No No 
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Iatrogenic dry eye 

 

The intrinsic propensity of the Asian ocular surface towards homeostatic imbalance, and the 

associated decline in functional reserve, would suggest an increased ethnic risk of developing 

iatrogenic dry eye conditions.3,37 Two retrospective studies included in the current review 

explore ethnic differences in the susceptibility to dry eye from iatrogenic risk factors, including 

contact lens wear and corneal refractive surgery.37,149,150 

 

Contact lens wear 

 

Contact lens wear can induce or exacerbate pre-existing dry eye disease, and is associated with 

tear film lipid layer disruption, increased tear film instability and evaporation, poorer tear 

osmolarity, and decreased basal tear turnover and volume.37,189-192 A retrospective analysis, 

identified by the systematic literature search, examined ethnic differences in fluorescein 

corneal staining and Dry Eye Flow Chart (DEFC) symptomology classification between Asian 

and non-Asian contact lens wearers.150 The results showed that Asian contact lens wearers 

exhibited a higher severity of corneal staining and symptoms of dryness.  

 

Corneal refractive surgery 

 

Corneal refractive surgery, including laser-assisted in situ keratomileusis (LASIK), is thought 

to contribute to the pathophysiology of dry eye disease through a number of mechanisms, 

including iatrogenic corneal nerve damage, epithelial disruption, goblet cell loss, post-

operative ocular surface inflammation, and adverse impact on tear film distribution through 

induced changes in corneal shape.37,193-197 A retrospective analysis included in the current 

review assessed McMonnies Dry Eye Questionnaire symptomology scores, fluorescein break-

up time and ocular surface staining, Schirmer I test, and phenol red thread test results of Asian 

and Caucasian patients within 12 months of undergoing LASIK surgery.149 The results showed 

that Asian patients exhibited poorer levels of ocular surface staining, tear film stability, and 

aqueous tear production both before and after surgery. Furthermore, a greater proportion of 

Asian than Caucasian patients exhibited dry eye symptoms following corneal refractive 

surgery, although no differences were observed at baseline. Asian patients were also more 

likely to develop chronic dry eye disease persisting more than six months post-surgery. 
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Conclusions 

 

The results of the pooled analysis demonstrated that the higher degrees of incomplete blinking 

and lid wiper epitheliopathy in pediatric Asian participants were the earliest ethnic disparities 

detected in ocular surface status, and likely associated with the anatomical predisposition 

towards increased eyelid tension. These trends were followed by differences in meibomian 

gland dropout in the young adult population, and ethnic disparities in meibomian gland 

function, tear film homeostasis, dry eye symptomology and overall disease diagnosis (as 

defined by the TFOS DEWS II criteria) in the middle adult population. Ethnic divergences in 

corneal and conjunctival staining occurred later, and were limited to the older adult population. 

The lack of significant differences in tear meniscus height would suggest that aqueous tear 

deficiency is less likely than evaporative mechanisms, secondary to meibomian gland 

dysfunction, to contribute towards the East Asian ethnic predisposition to dry eye disease. Two 

retrospective studies included in the review also indicated that the East Asian population may 

be more susceptible to developing iatrogenic dry eye disease, when exposed to risk factors 

including contact lens wear and corneal refractive surgery. Future research investigating the 

effects of eyelid tension on blinking patterns and meibomian gland function, as well as 

longitudinal population studies assessing the ocular surface and tear film status of co-located 

Asian and Caucasian participant groups, are required to develop a greater understanding of the 

East Asian ethnic propensity towards dry eye disease. 
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4.4. Blinking patterns 

4.4.1. Background 
 

Dry eye disease is a complex disorder, whereby multiple components of the lacrimal functional 

unit can be susceptible to disruption by a wide variety of factors.34 The blinking mechanism 

plays an integral role in ocular surface and tear film homeostasis.21,165 Blinking drives the 

lacrimal pump and facilitates spreading, mixing, and distribution of tear film constituents over 

the ocular surface.21,164,165 The muscular action of the eyelids during blinking also stimulates 

the secretion of meibomian lipids that lubricate the ocular surface and inhibit tear 

evaporation.21,164,165,170,198  

 

Previous studies have reported that the suppressed blink rate and greater tendency for 

incomplete blinking during visual concentration are associated with reduced tear film stability 

and symptoms of dry eye.167,199-202 Higher levels of meibomian gland dropout and shortened 

tear film breakup times have also been observed in diseases that adversely affect blinking 

patterns, including cranial nerve VII palsy and Grave’s orbitopathy.54,55,203,204 In contrast, the 

thickness of the tear film lipid layer has been reported to increase with repeated forceful 

blinking.170 Furthermore, improvements in dry eye symptoms have been observed with the use 

of an animation that encouraged increased blinking among computer users.171  

 

As a potentially modifiable behaviour, blinking training is commonly recommended as part of 

the management of dry eye.14,164,165 However, the relationship between clinical measurements 

of blinking patterns and dry eye severity remains to be established.  This age, gender, and 

ethnicity-matched cross-sectional study sought to explore the influence of blinking patterns on 

tear film parameters, ocular surface characteristics and dry eye symptomology, using 

diagnostic criteria and methodology recommended by the global consensus TFOS DEWS II 

Diagnostic Methodology report, as discussed in Section 1.6.1.38 
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4.4.2. Methods 
 

Participants of this age, gender, and ethnicity-matched cross-sectional study were enrolled 

through the Auckland Dry Eye Epidemiology Study, as described in Section 2.1.1. In addition, 

eligibility required participants be 18 years of age or older; with no major systemic or 

ophthalmic disease (other than anterior blepharitis and dry eye disease); no previous 

ophthalmic surgery; and no use of systemic or topical medications known to affect the eye 

within the previous three months. A total of 154 participants were recruited into two age, sex 

and ethnicity-matched groups: 77 participants exhibiting clinically detectable incomplete 

blinking, and 77 participants who did not, exceeding the sample size requirements for the 

desired study power. Non-parametric adjusted power calculations were made with non-

invasive tear film breakup time as the designated outcome, and showed that a minimum of 41 

participants per group was required to detect a clinically significant breakup time difference of 

5s, with 80% power (β=0.2), and a two-sided statistical significance level of 5% (α=0.05). The 

SD of normal values was estimated to be 8s.107 Sample size estimates were determined using 

NCSS PASS 2002 (Utah, USA). 

 

Blinking assessment was conducted by an observer independent to the investigator performing 

ocular measurements. To prevent interference with the natural blinking pattern, participants 

were not informed about the blinking assessment during the initial consenting process, and 

only made aware after the completion of all clinical measurements. During enrolment, the blink 

rate of participants was recorded manually over a one-minute interval, while the participant 

was unaware and not engaging in any visual concentration tasks or up-gaze. Incomplete 

blinking was deemed to be present if noted during slow motion playback of a two-minute 

infrared video recording collected by the Keratograph 5M (Oculus, Germany), or by clinical 

observation during history-taking conducted by the independent observer (lasting typically for 

a 10 to 15-minute period). Slow playback of the infrared video recordings was the more 

sensitive method for assessing the presence of incomplete blinking, with 15 of 77 (19%) 

participants exhibiting incomplete blinking detected on infrared video recording but not clinical 

observation, and 0 of 77 (0%) participants detected on clinical observation but not infrared 

video recording. 
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Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 46. The diagnostic criteria for dry eye disease was based on the global 

consensus recommendations of the TFOS DEWS II reports,38,87 as discussed in Section 1.6.1 

and summarised in Table 47. 

 

Statistical analysis was performed using Graph Pad Prism version 6.02. Between-group 

comparisons of continuous variables were performed using the paired t-test, where normal 

distribution had been confirmed by the Kolmogorov-Smirnov test (p>0.05). Non-normally 

distributed continuous measures and ordinal data were analysed using the Wilcoxon signed-

rank test, and categorical data using Fisher’s exact test. Statistical correlation between ocular 

surface parameters and blink rate was tested using Pearson’s product-moment correlation 

coefficient for normally distributed continuous measurements, or Spearman’s rank correlation 

coefficient for non-normally continuous or ordinal measurements. All tests were two-tailed and 

p<0.05 was considered significant. Data are presented as mean ± SD, median (IQR), and 

number of participants (% of participants), unless otherwise stated. 
 

 

Assessments 

1. Blinking assessment (clinical observation) 

2. OSDI dry eye questionnaire 

3. Blinking assessment (infrared recording) 

4. Tear meniscus height 

5. Non-invasive tear film breakup time 

6. Tear film lipid layer grade 

7. Tear osmolarity 

8. Slit lamp biomicroscopy examination 

9. Ocular surface staining 

10. Meibomian gland expressibility 

11. Infrared meibography 
 
Table 46. Order of clinical assessments in blinking study 
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Table 47. Diagnostic criteria in blinking study 
Diagnostic criteria for dry eye disease based on the global consensus recommendations of the Tear Film and 
Ocular Surface Society Dry Eye Workshop II (TFOS DEWS II) and the International Workshop on Meibomian 
Gland Dysfunction.38 
 

 

  

Diagnosis Criteria 
 
Dry eye disease 

 
• OSDI score ≥13 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear 
osmolarity ≥308mOsm/L, inter-ocular difference in 
osmolarity >8mOsm/L, corneal fluorescein staining 
>5 spots, conjunctival lissamine green staining >9 
spots, or lid margin staining ≥2mm length and ≥25% 
width 
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4.4.3. Results  
 

The mean ± SD age of the 154 participants (88 females, 66 males) was 39 ± 14 years. 

Demographic, ocular surface, and tear film characteristics of participants exhibiting and not 

exhibiting incomplete blinking are presented in Table 48.  

 

Characteristic 

Incomplete blinking 
Present 
(n=77) 

Absent 
(n=77) p 

Demographics    
Age (years) 39±14 39±14 - 
Female sex 44 (57%) 44 (57%) - 
European ethnicity 34 (44%) 34 (44%) - 
East Asian ethnicity 38 (49%) 38 (49%) - 
South Asian ethnicity 5 (6%) 5 (6%) - 
Blinking assessment    
Blink rate (minute-1) 22±11 21±10 0.51 
Dry eye disease diagnosis    
TFOS DEWS II diagnosis of dry eye disease 49 (64%) 34 (44%) 0.02* 
Dry eye symptomology    
OSDI score (out of 100) 18±13 12±9 0.01* 
Tear film quality    
Tear meniscus height (mm) 0.26±0.08 0.27±0.08 0.68 
Tear film lipid layer grade (out of 5) 2 (2-4) 3 (2-4) 0.03* 
Non-invasive tear film breakup time (s) 6.1 (4.5-10.7) 9.7 (5.8-15.3) 0.04* 
Tear osmolarity (mOsm/L) 308±13 307±14 0.86 
Interocular difference in osmolarity (mOsm/L) 7±5 6±5 0.92 
Ocular surface characteristics    
Eyelid notching grade (out of 4) 1 (0-2) 0 (0-2) 0.03* 
Eyelid telangiectasia grade (out of 4) 0 (0-1) 0 (0-1) 0.79 
Anterior blepharitis grade (out of 4) 0 (0-1) 0 (0-0) 0.02* 
Sodium fluorescein staining score (out of 55) 4 (0-9) 4 (0-8) 0.51 
Lissamine green staining score (out of 55) 2 (0-5) 1 (0-5) 0.73 
Lid parallel conjunctival folds grade (out of 3) 1 (0-2) 1 (0-2) 0.94 
Lid wiper epitheliopathy grade (out of 3) 2 (0-3) 1 (0-3) 0.07 
Meibomian gland characteristics    
Meibomian gland dropout (%) 41.3±15.7 27.5±14.1 <0.001* 
Meibomian gland capping grade (out of 4) 1 (1-2) 1 (0-2) 0.39 
Expressed meibum grade (out of 4) 1 (1-3) 1 (0-2) 0.04* 

 
Table 48. Participant characteristics in blinking study 
Demographic, tear film and ocular surface characteristics of participants exhibiting and not exhibiting incomplete 
blinking. Data are presented as mean ± SD, median (IQR), or number of participants (% of participants). Asterisks 
denote statistically significant values (p<0.05). 
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Overall, a significantly greater proportion of participants exhibiting incomplete blinking 

fulfilled the TFOS DEWS II diagnostic criteria for dry eye disease (64% versus 44%, p=0.02, 

Figure 20), with an odds ratio (95% CI) of 2.2 (1.2-4.2) times. 

 

 

 
 

Figure 20. Incomplete blinking rates in blinking study 
Proportion of participants exhibiting and not exhibiting incomplete blinking fulfilling the TFOS DEWS II dry eye 
disease diagnostic criteria. Each bar represents the percentage of participants fulfilling the diagnostic criteria. 
Error bars represent the 95% confidence interval. Asterisks denote statistically significant differences (p<0.05). 
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OSDI scores were higher in participants who exhibited incomplete blinking than those that did 

not (18±13 versus 12±9, p=0.01, Figure 21). 

 
Figure 21. OSDI scores in blinking study 
Ocular surface disease index (OSDI) scores of participants exhibiting and not exhibiting incomplete blinking. 
Each point represents the OSDI score of an individual participant. Bars represent the mean OSDI score. Error bars 
represent the standard deviation. Asterisks denote statistically significant differences (p<0.05). 
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Participants exhibiting incomplete blinking had poorer lipid layer grades (median grade 2 

versus 3, p=0.03) and non-invasive tear film breakup time (median 6.1s versus 9.7s, p=0.04, 

Figure 22). There were no significant differences between groups in tear meniscus height or 

tear film osmolarity measurements (all p>0.05). 

 

 

 
Figure 22. Non-invasive tear film stability in blinking study 
Non-invasive tear film breakup time of participants exhibiting and not exhibiting incomplete blinking. Each point 
represents the tear film breakup time of an individual participant. Bars represent the median tear film breakup 
time. Error bars represent the interquartile range. Asterisks denote statistically significant differences (p<0.05). 
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Higher levels of meibomian gland dropout were observed in participants who exhibited 

incomplete blinking (41.3±15.7% versus 27.5±14.1%, p<0.001, Figure 23 and Figure 24), as 

well as poorer quality of expressed meibum, and greater severity of eyelid notching and anterior 

blepharitis (all p<0.05). Ocular surface staining, meibomian gland capping, eyelid 

telangiectasia, lid parallel conjunctival folds, and lid wiper epitheliopathy grades did not differ 

significantly between groups (all p>0.05). 

 

 

 
 
Figure 23. Meibography images in blinking study 
 (A) Infrared meibography of a participant not exhibiting incomplete blinking, showing 17% meibomian gland 
dropout. (B) Infrared meibography of a participant exhibiting incomplete blinking, showing 44% meibomian 
gland dropout. 
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Figure 24. Percentage meibomian gland dropout in blinking study 
Percentage meibomian gland dropout in participants exhibiting and not exhibiting incomplete blinking. Each bar 
represents the mean meibomian gland dropout percentage. Error bars represent the standard deviation. Asterisks 
denote statistically significant differences (p<0.05). 
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No significant correlations were observed between blink rate and any of the ocular surface 

parameters (all p>0.05, Table 49). 

 

 

Characteristic 
Correlation with blink rate 

Coefficient p 
Demographics   
Age 0.089 0.27 
Dry eye symptomology   
OSDI score -0.068 0.40 
Tear film quality   
Tear meniscus height  0.015 0.86 
Tear film lipid layer grade -0.004 0.96 
Non-invasive tear film breakup time -0.072 0.38 
Tear film osmolarity 0.031 0.70 
Interocular difference in osmolarity  0.062 0.45 
Ocular surface characteristics   
Eyelid notching grade 0.033 0.69 
Eyelid telangiectasia grade 0.117 0.15 
Anterior blepharitis grade 0.049 0.55 
Sodium fluorescein staining score  0.095 0.24 
Lissamine green staining score  0.010 0.90 
Lid parallel conjunctival folds grade 0.078 0.34 
Lid wiper epitheliopathy grade 0.031 0.70 
Meibomian gland characteristics   
Meibomian gland dropout 0.004 0.96 
Meibomian gland capping grade 0.016 0.85 
Meibum grade 0.073 0.37 

 
Table 49. Correlation analysis in blinking study 
Correlation analysis of demographic, tear film and ocular surface characteristics with blink rate. Data are presented 
as Pearson’s product-moment correlation coefficient for continuous measurements, or Spearman’s rank 
correlation coefficient for ordinal measurements. 
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4.4.4. Discussion 
 

The results of this study show that a significantly greater proportion of participants exhibiting 

incomplete blinking fulfilled the TFOS DEWS II diagnostic criteria for dry eye disease, with a 

two-fold increased risk. This was associated with higher levels of meibomian gland dropout 

and poorer quality of expressed meibum. These trends are in agreement with previous studies 

that have reported increased meibomian gland dropout among patients with disorders that 

affect the completeness of eyelid closure during blinking, including cranial nerve VII palsy and 

Grave’s orbitopathy.54,55,203,204 This would appear to lend support to the hypothesis that 

incomplete blinking may predispose towards the development of meibomian gland 

dysfunction.21,71,164,165 The blinking mechanism is understood to encourage the movement of 

meibomian gland secretions into the tear film.21,164,165,170,198 The contraction of the muscle of 

Riolan during each blink may potentially be involved, by exerting pressure on the meibomian 

glands and thereby facilitating the expression of meibum through the gland orifices onto the 

lid margin.51,205,206 It is thought that incomplete blinking may be associated with diminished 

lipid flow in the meibomian glands and ducts,21,164-166 due to reduced involvement of the muscle 

of Riolan.51,205,206 The resulting meibum stasis may potentially trigger intraductal inflammation 

and the development of obstructive meibomian gland dysfunction.21,51 This, in turn, may lead 

to meibomian gland dropout over time, due to the raised pressure within the glands as a result 

of meibum stasis.51 Nevertheless, the cross sectional design of the current study precludes the 

inference of causal relationships, and the potential for patients with meibomian gland 

dysfunction to develop changes in the eyelid margin which might interfere with the blinking 

mechanism cannot be excluded. 

 

Poorer tear film stability and lipid layer quality were also observed in participants who 

exhibited incomplete blinking. This may potentially be related to the reduced delivery of 

meibomian lipids to the tear film with incomplete blinking.21,164-166 Furthermore, blinking 

facilitates the spreading and distribution of the lipid layer across the ocular surface, and 

inefficient blinking can result in poor maintenance of the lipid layer integrity.164,165 The higher 

degree of meibomian gland dropout and poorer grades of meibum quality observed in this 

participant group are also likely to contribute. Together with the increased effective interblink 

interval associated with incomplete blinking, the impaired lipid layer quality may encourage 

increased evaporative losses from the tear film and desiccation of the exposed ocular 
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surface.64,164,165 This might potentially trigger a vicious cycle of ocular surface inflammation 

which can further exacerbate the signs and symptoms of dry eye.21 In the current study, clinical 

signs of inflammation including eyelid notching and anterior blepharitis were noted to be more 

pronounced in participants who exhibited incomplete blinking. These clinical signs may also 

be related to the reduced clearance of debris associated with incomplete blinking.164 

Furthermore, a greater severity of dry eye symptomology among this participant group was 

reflected by higher OSDI scores, with the inter-group difference (6 points) exceeding 

previously established thresholds for minimal clinically important difference in mild dry eye 

disease (≥4.5 points). 38,114 The mean OSDI score (18 points) of participants exhibiting 

incomplete blinking also met the TFOS DEWS II diagnostic cut-off for dry eye disease (≥13 

points), but remained within the normal range for participants who did not.38  

 

Despite inferior ocular surface staining traditionally being regarded as a clinical sign of 

incomplete blinking,201 no significant intergroup differences were detected in corneal staining 

in the current study. In addition, tear osmolarity did not differ significantly between participant 

groups. It is conceivable for the lack of intergroup differences to be related to the milder overall 

degree of dry eye severity in both participant groups, as demonstrated by the minimal ocular 

surface staining scores and marginal mean tear osmolarity values (308 and 307 mOsm/L), 

which were close to, but not exceeding, the TFOS DEWS II diagnostic cut-off for dry eye 

disease (≥308 mOsm/L).38 Indeed, it has been increasingly acknowledged that ocular surface 

staining lacks discriminatory power in mild-to-moderate disease, and that staining may be a 

clinical sign indicative of more severe disease. 38,125 

 

The potential association between incomplete blinking and the development of meibomian 

gland dysfunction and evaporative dry eye would support current recommendations of offering 

blinking training as part of the management of dry eye symptoms.14,165 Blinking training may 

aid in the preservation of meibomian gland structure and function, as well as improve lipid 

secretion and tear film distribution.164,165 Improvements in tear film lipid layer thickness with 

deliberate and repeated forceful blinks have previously been reported.170 Techniques which 

encourage increased blinking, such as animations for computer users, have also been shown to 

reduce dry eye symptomology.171 Further research is required to determine whether these 

techniques are also effective at reducing the clinical signs of dry eye, and preserving the 

structure and function of the meibomian glands. 
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Interestingly, no significant correlations were observed between the frequency of blinking and 

any of the ocular surface parameters. This contrasts with earlier studies which report poorer 

tear film quality with decreased blink rates during visual concentration.199,202 The measurement 

of blink rate while participants were not engaged in activities requiring visual concentration in 

the current study may provide some explanation towards the discrepancies observed. 

Furthermore, in both participant groups the average blink rate was greater than 20 minute-1, 

which would be considered on the higher end of the normal range.207,208 The measurement of 

blink rate while the participants were engaged in conversation during the enrolment process 

may have contributed.207 However, an alternative explanation would suggest that the increased 

blink rates may potentially reflect involuntary compensatory reflex mechanisms associated 

with dry eye, which serves to restore the tear film and lubricate the ocular surface.209 This 

compensatory reflex may also contribute towards the lack of association between blink rate 

and ocular parameters. Furthermore, the lack of inter-visit measurements of blink rate in the 

current study is acknowledged to be a possible limitation, and it is not known whether the 

potential variability in blink rate may also contribute towards the lack of correlation between 

blink rate and the ocular parameters assessed. The proportion of blinks that were incomplete, 

among participants exhibiting incomplete blinking, was not assessed in the current study, and 

also recognised to be a potential limitation. Nevertheless, the findings of the current study 

would suggest that assessing the clinical presence of incomplete blinking may be a more useful 

indicator of dry eye status than the measurement of blink rate, and addressing incomplete 

blinking may be an important aspect of the non-pharmacological management of dry eye 

disease and meibomian gland dysfunction. 

 

In conclusion, the findings of this cross-sectional study showed that incomplete blinking was 

associated with a two-fold increased risk of dry eye disease. Furthermore, poorer levels of 

meibomian gland dropout, expressed meibum quality, and tear film lipid layer thickness were 

observed among participants exhibiting incomplete blinking. These trends would suggest that 

incomplete blinking may predispose towards the development of evaporative dry eye disease. 
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4.5. Systemic risk factors 

4.5.1. Background 
 

The TFOS DEWS II Epidemiology report identified a number of probable and inconclusive 

risk factors for dry eye disease, and also highlighted the need for further research examining 

the associations of the condition with systemic disease and medications.2 Considerable 

heterogeneities in methodologic design and disease definition were also noted to have 

introduced challenges when interpreting and comparing the findings of earlier epidemiology 

studies, as discussed in Section 1.5.2.2 The purpose of this cross-sectional study was therefore 

to evaluate the systemic risk factors of two prominent drivers of dry eye disease – aqueous tear 

deficiency, and meibomian gland dysfunction – using diagnostic criteria and methodology that 

align with the global consensus recommendations of the TFOS DEWS II Diagnostic 

Methodology report, as described in Section 1.6.1.38 

 

4.5.2. Methods 
 

Participants of this cross-sectional study were enrolled through the Auckland Dry Eye 

Epidemiology Study, as described in Section 2.1.1. In addition, eligibility required participants 

to be 16 years or older.  

 

Past medical history, including diagnosed medical conditions, ophthalmic surgery, oral 

medications, and topical ophthalmic medications were recorded, as described in Section 2.2.1. 

Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 50. The diagnostic criteria and thresholds for dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction were based on the global consensus 

recommendations of the TFOS DEWS II and the International Workshop on Meibomian Gland 

Dysfunction,38,87 as discussed in Section 1.6.1 and summarised in Table 51. 

 

Statistical analysis was conducted with Graph Pad Prism version 8.01 (California, USA) and 

IBM SPSS version 24 (New York, USA). Preliminary univariate logistic regression was used 

to identify potential predictors of dry eye disease, aqueous tear deficiency, and meibomian 
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gland dysfunction. Multivariate logistic regression for predictors of dry eye disease, aqueous 

tear deficiency, and meibomian gland dysfunction was then conducted, incorporating variables 

with a univariate association threshold of p<0.15. The number of variables used in the 

multivariate regression analysis was approximately limited to the number of diagnosed 

participants divided by 10, to avoid overfitting. All tests were two tailed, and p<0.05 was 

considered significant. Data are presented as mean±SD, median (IQR), or number of 

participants (% of participants) unless otherwise stated. 
 

 

Assessments 

1. Past medical history 

2. OSDI dry eye questionnaire 

3. DEQ-5 dry eye questionnaire 

4. Tear meniscus height 

5. Non-invasive tear film breakup time 

6. Tear film lipid layer grade 

7. Tear osmolarity 

8. Ocular surface staining 

9. Infrared meibography 
 
Table 50. Order of clinical assessments in systemic risk factors study 
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Diagnosis Criteria 
 
Dry eye disease 

 
• OSDI score ≥13, or DEQ-5 score ≥6 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear 
osmolarity ≥308mOsm/L, inter-ocular difference in 
osmolarity >8mOsm/L, corneal fluorescein staining 
>5 spots, conjunctival lissamine green staining >9 
spots, or lid margin staining ≥2mm length and ≥25% 
width 

 
 
Aqueous tear deficiency 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear meniscus height <0.2mm 
 

 
Meibomian gland dysfunction 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear film lipid layer grade ≤3, or meibography grade 
>1 

 
 

Table 51. Diagnostic criteria in systemic risk factors study 
Diagnostic criteria for dry eye disease, aqueous tear deficiency, and meibomian gland dysfunction based on the 
global consensus recommendations of the Tear Film and Ocular Surface Society Dry Eye Workshop II (TFOS 
DEWS II) and the International Workshop on Meibomian Gland Dysfunction.38,87 
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4.5.3. Results 
 

The mean ± SD age of the 372 participants (222 females, 150 males) was 39±22 years (range, 

21 to 85 years). Demographic, systemic, and ophthalmic characteristics of participants are 

presented in Table 52 and Table 53.  

 
Characteristic Values 

Demographics  
Age (years) 39±22 
Female sex 222 (60%) 
Contact lens wear 107 (29%) 
European ethnicity 155 (42%) 
East Asian ethnicity 142 (38%) 
South Asian ethnicity 38 (10%) 
Other ethnicity 37 (10%) 
Medical history  
Acne vulgaris 16 (4%) 
Allergic rhinitis 37 (10%) 
Anxiety 25 (7%) 
Asthma 16 (4%) 
Diabetes 23 (6%) 
Depression 27 (7%) 
Dyslipidaemia 29 (8%) 
Eczema 20 (5%) 
Hypertension 49 (13%) 
Malignancy 8 (2%) 
Migraine headaches 33 (9%) 
Menopause 73 (20%) 
Ovarian dysfunction 16 (4%) 
Systemic rheumatologic disease 11 (3%) 
Thyroid disease 18 (5%) 
Ophthalmic surgery  
Cataract surgery 13 (3%) 
Refractive surgery 15 (4%) 
Other ophthalmic surgery 19 (5%) 
Oral medications  
Antidepressant medication 23 (6%) 
Antihistamine medication 32 (9%) 
Antihypertensive medication 38 (10%) 
Hormone replacement therapy 9 (2%) 
Oral contraceptive therapy 42 (11%) 
Sedative medication 31 (8%) 
Topical ocular medications  
Topical anti-glaucoma medication 12 (3%) 
Topical antihistamine medication 15 (4%) 

 
Table 52. Clinical characteristics in systemic risk factors study 
Demographic and clinical characteristics of participants. Data is presented as mean ± SD, median (IQR), or 
number of participants (% of participants).  
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Overall, 109 (29%) participants fulfilled the TFOS DEWS II criteria for dry eye disease, 42 

(11%) had aqueous tear deficiency, and 95 (26%) had meibomian gland dysfunction. 

 

 
Characteristic Values 

Dry eye symptomology  
OSDI score (out of 100) 12 (6-31) 
DEQ-5 score (out of 22) 5 (3-10) 
Tear film quality  
Non-invasive tear film breakup time (s) 8.9 (4.8-13.6) 
Tear film osmolarity (mOsm/L) 306±12 
Inter-ocular difference in osmolarity (mOsm/L) 6 (3-12) 
Tear film lipid layer grade (out of 5) 3 (2-4) 
Tear meniscus height (mm) 0.27±0.12 
Ocular surface characteristics  
Corneal staining >5 spots 34 (9%) 
Conjunctival staining >9 spots 71 (19%) 
Lid margin staining ≥2mm length and ≥25% width 97 (26%) 
Superior meibography grade (out of 4) 1 (0-2) 
Inferior meibography grade (out of 4) 1 (0-2) 
Dry eye disease diagnostic criteria  
Overall diagnosis of dry eye disease 109 (29%) 
Aqueous tear deficiency 42 (11%) 
Meibomian gland dysfunction 95 (26%) 

 
Table 53. Ocular surface characteristics of participants in systemic risk factors study 
Ocular surface characteristics of participants. Data are presented as mean ± SD, median (IQR), or number of 
participants (% of participants). 
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Unadjusted univariate and multivariate-adjusted odds ratios of dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction by demographic and clinical characteristics are 

presented in Table 54 to Table 56. 

 
 

Characteristic 

Unadjusted univariate 
logistic regression 

Multivariate-adjusted 
logistic regression 

OR (95% CI) p OR (95% CI) p 
Demographics     
Age (per 10 years) 1.15 (1.04-1.27) 0.008* 1.19 (1.05-1.36) 0.007* 
Female sex 1.39 (0.87-2.20) 0.17 - - 
Contact lens wear 1.69 (1.05-2.74) 0.03* 1.31 (0.76-2.24) 0.33 
East Asian versus European ethnicity 1.82 (1.09-3.04) 0.02* 2.48 (1.35-4.58) 0.004* 
South Asian versus European ethnicity 1.05 (0.46-2.41) 0.92 - - 
Other versus European ethnicity 1.18 (0.49-2.79) 0.85 - - 
Medical history     
Acne vulgaris 1.94 (0.70-5.34) 0.21 - - 
Allergic rhinitis 1.35 (0.66-2.76) 0.41 - - 
Anxiety 1.67 (0.61-3.78) 0.23 - - 
Asthma 1.47 (0.52-4.16) 0.45 - - 
Diabetes 0.81 (0.16-4.03) 0.79 - - 
Depression 1.73 (0.78-3.87) 0.18 - - 
Dyslipidaemia 0.75 (0.31-1.82) 0.53 - - 
Eczema 1.32 (0.51-3.40) 0.57 - - 
Hypertension 0.69 (0.23-2.11) 0.51 - - 
Malignancy 0.81 (0.16-4.03) 0.79 - - 
Migraine headaches 2.49 (1.21-5.13) 0.01* 2.96 (1.38-6.37) 0.005* 
Menopause 1.81 (1.05-3.08) 0.03* 1.33 (0.59-2.97) 0.49 
Ovarian dysfunction 0.80 (0.25-2.52) 0.71 - - 
Systemic rheumatologic disease 4.43 (1.27-15.51) 0.02* 4.39 (1.13-16.23) 0.03* 
Thyroid disease 5.29 (1.94-14.51) 0.001* 5.15 (1.69-15.74) 0.004* 
Ophthalmic surgery     
Cataract surgery 1.08 (0.32-3.57) 0.91 - - 
Refractive surgery 1.22 (0.41-3.65) 0.73 - - 
Other ophthalmic surgery 1.44 (0.55-3.75) 0.46 - - 
Oral medications     
Antidepressant medication 2.83 (1.21-6.64) 0.02* 3.05 (1.18-7.87) 0.02* 
Antihistamine medication 0.95 (0.42-2.10) 0.88 - - 
Antihypertensive medication 0.73 (0.33-1.59) 0.42 - - 
Hormone replacement therapy 1.97 (0.52-7/46) 0.32 - - 
Oral contraceptive therapy 2.20 (1.15-4.24) 0.02* 2.58 (1.23-5.42) 0.01* 
Sedative medication 0.94 (0.42-2.10) 0.88 - - 
Topical ophthalmic medications     
Topical anti-glaucoma medication 1.76 (0.55-5.67) 0.33 - - 
Topical antihistamine medication 1.64 (0.57-4.74) 0.36 - - 

 
Table 54. Logistic regression analysis for dry eye disease in systemic risk factors study 
Logistic regression odds ratio of dry eye disease by demographic and clinical characteristics. Asterisks denote 
statistically significant values (p<0.05).   
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Multivariate logistic regression demonstrated that systemic rheumatologic disease and 

antidepressant medication were independently associated with aqueous tear deficiency (both 

p<0.05, Table 55). 

 
 

Characteristic 

Unadjusted univariate 
logistic regression 

Multivariate-adjusted 
logistic regression 

OR (95% CI) p OR (95% CI) p 
Demographics     
Age (per 10 years) 1.13 (0.98-1.31) 0.09 1.08 (0.93-1.26) 0.32 
Female sex 1.58 (0.79-3.16) 0.19 - - 
Contact lens wear     
East Asian versus European ethnicity 1.18 (0.59-2.34) 0.51 - - 
South Asian versus European ethnicity 1.53 (0.43-5.49) 0.65 - - 
Other versus European ethnicity 0.44 (0.11-1.96) 0.28 - - 
Medical history     
Acne vulgaris 1.13 (0.25-5.14) 0.88 - - 
Allergic rhinitis 0.95 (0.32-2.82) 0.92 - - 
Anxiety 1.55 (0.51-4.75) 0.44 - - 
Asthma 1.88 (0.51-6.87) 0.34 - - 
Diabetes 1.13 (0.14-9.38) 0.91 - - 
Depression 1.89 (0.68-5.29) 0.23 - - 
Dyslipidaemia 0.90 (0.26-3.11) 0.87 - - 
Eczema 2.07 (0.77-6.49) 0.21 - - 
Hypertension 0.98 (0.22-4.43) 0.98 - - 
Malignancy 2.70 (0.53-13.83) 0.23 - - 
Migraine headaches 1.87 (0.72-4.84) 0.19 - - 
Menopause 2.30 (1.14-4.63) 0.02* 2.63 (0.89-7.81) 0.08 
Ovarian dysfunction 1.13 (0.25-5.15) 0.88 - - 
Systemic rheumatologic disease 7.30 (2.12-25.08) 0.002* 6.51 (1.85-22.99) 0.004* 
Thyroid disease 0.98 (0.22-4.43) 0.98 - - 
Ophthalmic surgery     
Cataract surgery 0.65 (0.08-5.10) 0.68 - - 
Refractive surgery 1.22 (0.27-5.60) 0.80 - - 
Other ophthalmic surgery 1.51 (0.42-5.42) 0.53 - - 
Oral medications     
Antidepressant medication 3.93 (1.51-10.19) 0.005* 3.23 (1.19-8.79) 0.02* 
Antihistamine medication 0.80 (0.23-2.74) 0.72 - - 
Antihypertensive medication 0.65 (0.19-2.21) 0.49 - - 
Hormone replacement therapy 0.98 (0.12-8.05) 0.99 - - 
Oral contraceptive therapy 1.69 (0.70-4.08) 0.25 - - 
Sedative medication 1.58 (0.57-4.35) 0.38 - - 
Topical ophthalmic medications     
Topical anti-glaucoma medication 2.74 (0.71-10.57) 0.14 - - 
Topical antihistamine medication 1.22 (0.27-5.60) 0.80 - - 

 
Table 55. Logistic regression analysis for ADDE in systemic risk factors study 
Logistic regression odds ratio of aqueous tear deficiency by demographic and clinical characteristics. Asterisks 
denote statistically significant values (p<0.05).   
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Significant risk factors for meibomian gland dysfunction included advancing age, East Asian 

ethnicity, migraine headaches, thyroid disease, and oral contraceptive therapy (all p≤0.01, 

Table 56). 

 

Characteristic 

Unadjusted univariate 
logistic regression 

Multivariate-adjusted 
logistic regression 

OR (95% CI) p OR (95% CI) p 
Demographics     
Age (per 10 years) 1.17 (1.05-1.30) 0.004* 1.24 (1.05-1.48) 0.01* 
Female sex 1.29 (0.80-2.10) 0.30 - - 
Contact lens wear 1.66 (1.01-2.73) 0.045* 1.31 (0.74-2.27) 0.36 
East Asian versus European ethnicity 2.04 (1.21-3.45) 0.008* 2.79 (1.47-5.30) 0.002* 
South Asian versus European ethnicity 1.24 (0.53-2.89) 0.62 - - 
Other versus European ethnicity 1.07 (0.43-2.67) 0.88 - - 
Medical history     
Acne vulgaris     
Allergic rhinitis 1.26 (0.60-2.67) 0.54 - - 
Anxiety 1.41 (0.59-3.37) 0.45 - - 
Asthma 1.80 (0.64-5.09) 0.27 - - 
Diabetes 0.97 (0.19-4.89) 0.97 - - 
Depression 1.51 (0.65-3.48) 0.34 - - 
Dyslipidaemia 0.59 (0.22-1.58) 0.29 - - 
Eczema 0.97 (0.34-2.750 0.96 - - 
Hypertension 0.57 (0.16-2.01) 0.38 - - 
Malignancy 0.97 (0.19-4.89) 0.97 - - 
Migraine headaches 3.56 (1.72-7.36) 0.001* 3.90 (1.76-8.66) 0.001* 
Menopause 1.84 (1.07-3.19) 0.03* 1.19 (0.55-2.59) 0.66 
Ovarian dysfunction 0.97 (0.31-3.09) 0.96 - - 
Systemic rheumatologic disease 1.69 (0.49-5.93) 0.41 - - 
Thyroid disease 6.53 (2.38-17.94) <0.001* 5.84 (2.03-16.83) 0.001* 
Ophthalmic surgery     
Cataract surgery 1.31 (0.39-4.35) 0.66 - - 
Refractive surgery 1.48 (0.49-4.46) 0.48 - - 
Other ophthalmic surgery 1.76 (0.67-4.60) 0.25 - - 
Oral medications     
Antidepressant medication 1.97 (0.82-4.70) 0.13 - - 
Antihistamine medication 0.97 (0.42-2.24) 0.94 - - 
Antihypertensive medication 0.76 (0.33-1.71) 0.51 - - 
Hormone replacement therapy 2.39 (0.63-9.09) 0.20 - - 
Oral contraceptive therapy 2.20 (1.13-4.28) 0.02* 2.58 (1.21-5.52) 0.01* 
Sedative medication 1.43 (0.65-3.15) 0.38 - - 
Topical ophthalmic medications     
Topical anti-glaucoma medication 2.14 (0.66-6.91) 0.20 - - 
Topical antihistamine medication 2.01 (0.71-5.79) 0.18 - - 

 
Table 56. Logistic regression analysis for MGD in systemic risk factors study 
Logistic regression odds ratio of meibomian gland dysfunction by demographic and clinical characteristics. 

Asterisks denote statistically significant values (p<0.05). 
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Sensitivity analysis conducted by incorporating depression and all confounding predictors of 

aqueous tear deficiency with univariate p<0.15 in the multivariate logistic regression model, 

but excluding antidepressant medication, demonstrated no significant association between 

depression and aqueous tear deficiency (p=0.31).   
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4.5.4. Discussion 
 

To our knowledge, this study is among the first to assess systemic risk factors of dry eye disease 

using the global consensus TFOS DEWS II diagnostic criteria.38 The results showed that dry 

eye disease was associated with a number of risk factors including advancing age, East Asian 

ethnicity, systemic rheumatologic disease, migraine headaches, thyroid disease, antidepressant 

medication, and oral contraceptive therapy. Although the risk factors identified for aqueous 

tear deficiency were largely consistent with earlier studies, a number of the systemic 

associations identified for meibomian gland dysfunction had been previously classified by the 

TFOS DEWS II Epidemiology report as probable or inconclusive, as discussed in Section 

1.5.1.38  

 

In agreement with earlier reports,2,26-29 the findings of the current study demonstrated that 

ageing was positively associated with dry eye disease and meibomian gland dysfunction. Dry 

eye disease and meibomian gland dysfunction are thought to be degenerative conditions that 

progress with cumulative lifetime exposure to a myriad of environmental and physiological 

factors, which contribute to hormonal changes, neurosensory abnormalities, ocular surface 

inflammation, and tear film homeostatic disturbances, as discussed in Section 4.2.2,21,52 

Interestingly, although a significant association between ageing and aqueous tear deficiency 

was initially detected on unadjusted univariate regression analysis, the effect estimates became 

non-significant on multivariate adjustment. These trends would suggest that the relationship 

between ageing and aqueous tear deficiency might be partially mediated by other independent 

risk factors, such as systemic rheumatologic disease and antidepressant medication.2,26 

 

East Asian ethnicity was identified to be an independent risk factor for dry eye disease and 

meibomian gland dysfunction in the current study, which is comparable with the trends 

observed in earlier reports across different age groups.2,27,71,136,137 It has been previously 

hypothesised that the East Asian ethnic propensity towards the development of dry eye disease 

might be related to anatomical differences that lead to increased eyelid tension, including 

higher axial length, the more inferior aponeurotic attachment point of levator palpebrae 

superioris, and differences in orbital connective tissue distribution.27 These factors may 

contribute to the increased tendency to incomplete blinking, and subsequently accelerated rates 

of meibomian gland dropout, as discussed in Section 4.3.71,142  
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Systemic factors associated with meibomian gland dysfunction observed in the current study 

included migraine headaches, thyroid disease, and oral contraceptive therapy. Although the 

mechanisms are not yet fully understood, the association between migraine headaches and dry 

eye disease may be potentially related to underlying inflammatory processes, which play a 

significant role in the pathophysiology of both conditions, as highlighted by earlier studies 

which report similar trends.210-213 Neurovascular inflammatory mediators and cytokines have 

been implicated in plasma extravasation and trigeminal ganglion hypersensitivity in the 

development of migraines.210,212,213 It remains yet to be established whether the regulatory 

action of sex steroids, hypothalamic-pituitary and thyroid hormones on the immune system and 

ocular surface might also contribute.35 Moreover, it has been hypothesised that hyper-

stimulation of the trigeminal ganglion with ocular irritation and reflex tearing associated with 

dry eye disease might further exacerbate the progression of migraine headaches.210,213 The 

relationship between thyroid disorders and evaporative dry eye disease has also been identified 

in previous studies,13,214,215 and might be partially mediated by the predisposition to incomplete 

lid closure incomplete blinking with inflammation and swelling of orbital tissues associated 

with both hyperthyroidism and hypothyroidism, as well as exophthalmos in Graves’ 

orbitopathy.2,142,215 There have been inconsistent reports of the effects of oral contraceptive 

therapy on dry eye disease in earlier studies,2,216,217 and it is thought that the association might 

be related to the role of oestrogen in the downregulation of lipid synthesis in the meibomian 

glands, as well as the compounding effects of oestrogen and progesterone in modulating 

inflammatory pathways.2,35  

 

Independent risk factors for aqueous tear deficiency identified in the current study included 

systemic rheumatologic disease and antidepressant medication. The association between 

systemic rheumatologic conditions and aqueous deficient dry eye disease has been well 

established in earlier studies,2,218,219 and is likely related to inflammatory infiltration and 

structural damage of the lacrimal glands resulting in compromised secretory function.2,21 The 

suppressant action of antidepressant medication on lacrimal function has been previously 

reported, and is thought to be mediated by the effects of serotonin on the sensitivity thresholds 

of corneal nerves and the neuronal regulation of lacrimal secretion.220-222 

 

Overall, both etiological subtypes of dry eye disease were associated with a number of systemic 

risk factors. These findings would support routine systemic inquiry of dry eye symptoms in 

patients affected by associated conditions and medications, in order to facilitate opportunistic 
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screening and timely referral to eye care practitioners where necessary. The results also 

highlight the importance of eye care practitioners taking a careful history exploring relevant 

systemic conditions and medications when evaluating patients with dry eye disease, which 

might facilitate the identification of potentially modifiable risk factors.  

 

This study is not without limitations. Past medical history was self-reported by participants, 

which can introduce recall bias. The convenience sample based in a single university centre 

might introduce selection bias, and the open advertisement recruitment process may potentially 

be associated with volunteer bias, which might lead to a higher than expected prevalence of 

dry eye disease among the study cohort. However, it is noted that the current study cohort 

comprised generally healthy community residents, rather than a hospital-based convenience 

sample of clinic patients. The wide confidence intervals of a number of effect estimates reflects 

the lower prevalence of the risk factors investigated, and associated limitations of decreased 

study power. In total, 32 risk factors were tested in three possible outcome variables, which 

could have led to false positive results, as significance levels were not adjusted for multiple 

testing. Future studies with larger sample sizes would be required to confirm the hypotheses 

generated in this exploratory study. 

 

In conclusion, both etiological subtypes of dry eye disease were associated with a number of 

systemic risk factors. Migraine headaches, thyroid disease, and oral contraceptive therapy were 

independently associated with meibomian gland dysfunction, while systemic rheumatologic 

disease and antidepressant medication were significant risk factors for aqueous tear deficiency. 

The findings of this study would support routine systemic inquiry in order to facilitate 

opportunistic screening and timely inter-disciplinary referral for the optimisation of modifiable 

systemic factors, such as disease activity and medication use, where necessary. 
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4.6. Xerostomia 

4.6.1. Background 
 

Sicca symptoms, including xerostomia and dry eye, are commonly experienced in the older 

adult population,2,28,151,223,224 and are recognised to have potentially debilitating impacts on 

comfort, quality of life, and functionality.8-10,33,223,225,226 The presence of sicca symptoms, 

especially when accompanied by musculoskeletal discomfort and other systemic complaints, 

raises diagnostic suspicion and may warrant investigation for Sjögren syndrome and other 

potential underlying autoimmune or rheumatologic conditions.77,227 Adverse effects from 

multiple drug classes, including antihistamines, antidepressants, anxiolytics, anticholinergics 

and diuretics, can contribute to sicca symptoms,2,50,228-231 especially in the context of the higher 

rates of medical comorbidities and polypharmacy among the older adult population.232 In 

addition, the relationship between sicca symptoms and common endocrine disorders, such as 

diabetes mellitus and thyroid disease, has also been described.2,231,233 

 

Although a positive association between xerostomia and xerophthalmia severity has previously 

been demonstrated in a clinic-based study of patients with dry eye disease,234 the association 

between the two types of sicca symptoms has not previously been investigated in population-

based studies. This retrospective analysis sought to explore the association between xerostomia 

and dry eye symptoms in a population-based longitudinal study of community-dwelling older 

adults. 

 

4.6.2. Methods 
 

This retrospective analysis used data collected during the five-year assessment phase of the 

prospective, population-based South Australian Dental Longitudinal Study (SADLS), 

conducted in 1996. 235 The SADLS study was set up to document the occurrence, associations, 

and natural history of oral health in older people. The study adhered to the tenets of the 

Declaration of Helsinki and was approved by the University of Adelaide Committee on the 

Ethics of Human Experimentation. For the baseline study in 1991, a stratified random sample 

of non-institutionalised persons aged 60 years and older was selected from the compulsory 

State Electoral Database of non-institutionalised Australian citizens (aged 18 years and older). 
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The sampling method defined 24 strata; 18 in the Adelaide Statistical Division, and 6 within 

the Mt Gambier City and District Council. The former comprised three age groups (60-64, 65-

74, and 75+ years), both sexes, and three locality groups (which were based on their distance 

from a public or school dental clinic); while the latter comprised the same three age groups and 

both sexes. A different selection probability was used for each stratum in order to draw a simple 

random sample of participants. Dentate people (those who had one or more natural teeth) were 

oversampled by excluding a percentage of edentulous people (which ranged from 100 per cent 

in Mt Gambier to 50 per cent among the Adelaide residents aged 60-64 years).236 The baseline 

sample comprised a representative cohort of community-dwelling older people, aged 60 years 

or older, living in their own homes in Adelaide and Mt. Gambier, South Australia. The current 

analysis involves the 627 participants who completed the dry mouth and eye dryness 

assessment at five years. There were no differences in sex between those included in the current 

study and the original baseline sample, although the former were younger on average (mean 

age, 69 versus 73 years; P<0.001). 

 

To classify the severity of xerostomia symptomology, recruited participants completed the 

Summated Xerostomia Inventory–Dutch Version (SXI-D) at baseline (Table 57),237 a five-item 

validated questionnaire comprising of the following statements referring to the preceding 4 

weeks: “my mouth feels dry when eating a meal”; “my mouth feels dry”; “I have difficulty in 

eating dry foods”; “I have difficulties swallowing certain foods”; “my lips feel dry”. For each 

statement, participants selected a response along a five-point scale, with the response “never” 

scoring 1 point, “hardly ever” 2 points, “occasionally” 3 points, “fairly often” 4 points, and 

“very often” 5 points”. The individual scores from each statement were summated to provide 

the total SXI-D score.237 A score of 3 or more points for the statement “my mouth feels dry”, 

during the preceding 4 weeks, was used to determine the overall presence of symptomatic 

xerostomia or dry mouth.237 In a similar fashion, participants were also asked to select a 

response along the five-point scale for the statement “my eyes feel dry” during the preceding 

4 weeks, and a score of 3 or more points was used to determine the overall presence of 

symptomatic xerophthalmia or dry eye.237 

 

Statistical analysis was undertaken using IBM SPSS version 22.0 (New York, United States) 

and Graphpad Prism version 6.02 (California, United States). Correlation analysis between 

variables was conducted using Spearman’s rank correlation coefficients. Intergroup 

comparisons of continuous measurements were performed using the Mann-Whitney U test, and 
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categorical data analysed using the Chi-squared or Fisher’s exact tests.  All tests were two-

tailed and p<0.05 was considered significant. Data are presented as mean ± SD, or number of 

participants (% of participants), unless otherwise stated. 

 

 
Item Never Hardly ever Occasionally Fairly often Very often 

1. My mouth feels dry when 
eating a meal 

1 2 3 4 5 

2. My mouth feels dry 
 

1 2 3 4 5 

3. I have difficulty in eating dry 
foods 

1 2 3 4 5 

4. I have difficulties swallowing 
certain foods 

1 2 3 4 5 

5. My lips feel dry 
 

1 2 3 4 5 

 

Table 57. The SXI-D questionnaire 
The Summated Xerostomia Inventory–Dutch Version (SXI-D).237 
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4.6.3. Results  
 

The mean (± SD) age of the 627 participants (346 male, 291 female) was 75±7 years (range, 

60 to 95 years). Demographic characteristics and symptomology scores of participants are 

presented in Table 58. Overall, symptomatic xerostomia was reported by just over one fifth 

(21%) of participants, symptomatic dry eye by almost one-third (31%) of participants, while 

one tenth (10%) of participants experienced both. 

 

 
Parameter Values 

Age (years) 75±7 
Female sex 291 (46%) 
Summated Xerostomia Inventory–Dutch Version score 8.9±3.1 
Frequency of dry eye symptoms  
     Never 334 (53%) 
     Hardly ever 88 (14%) 
     Occasionally 145 (23%) 
     Fairly often 41 (7%) 
     Very often 19 (3%) 
Presence of symptomatic xerostomia 130 (21%) 
Presence of symptomatic dry eye 205 (31%) 
Presence of symptomatic xerostomia and dry eye 62 (10%) 

 
Table 58. Participant characteristics in xerostomia study 
Demographic characteristics and symptomology scores of participants. Data are presented as mean ± SD, or 
number of participants (% of participants). 
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The mean SXI-D scores and proportion of participants reporting xerostomia symptoms by dry 

eye frequency are presented in Figure 25 and Figure 26, respectively. Dry eye frequency was 

positively associated with SXI-D scores (Spearman’s rho=+0.379, p<0.001) and the presence 

of symptomatic xerostomia (Spearman’s rho=+0.187, p<0.001). Subgroup analysis showed 

that participants with dry eye symptoms had significantly higher SXI-D scores than those 

without (10.6±3.6 vs. 8.1±2.8, p<0.001). Participants with symptomatic dry eye were also more 

likely to report symptomatic xerostomia (30% vs. 16%, p<0.001), with an odds ratio (95% CI) 

of 2.25 (1.52 to 3.35). 
 

 

 
 

Figure 25. SXI-D scores in xerostomia study 
Summated Xerostomia Inventory–Dutch Version questionnaire (SXI-D) scores of participants by dry eye 
frequency scores: 1, never; 2, hardly ever; 3, occasionally; 4, fairly often; and 5, very often. Each bar represents 
the mean SXI-D score. Error bars represent standard deviation. 
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Figure 26. Rates of xerostomia symptoms in xerostomia study 
Proportion of participants reporting xerostomia symptoms by dry eye frequency scores: 1, never; 2, hardly ever; 
3, occasionally; 4, fairly often; and 5, very often. Each bar represents the percentage of participants reporting 
xerostomia symptoms. Error bars represent the 95% confidence interval. 
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4.6.4. Discussion 
 

This retrospective analysis investigated the association between dry eye and xerostomia in a 

representative sample of community-dwelling older South Australians taking part in a 

prospective cohort study. Both conditions were moderately prevalent and were positively 

associated. Such an association has previously been demonstrated.2,28,151,223,224 In the current 

study, symptomatic dry eye was reported more commonly by almost one-third (31%) of the 

study participants, while just over one-fifth (21%) reported xerostomia; approximately one in 

ten reported both. These estimates are largely consistent with those from with other population-

based studies conducted in different parts of the world, which have found the prevalence of 

symptomatic dry eye to range from 5% to 50% of the adult population,2 and that of xerostomia 

to be between 10% and 46%.223,224 Nevertheless, it has been acknowledged that the 

considerable heterogeneity in study methods and case definition is likely to have contributed 

towards the large variability in prevalence rates reported globally,2,38,72,223 and that differences 

in population demographic characteristics, co-morbidities, medications, or climate and 

environmental exposure might also account for some of the differences observed.2,72 

 

In agreement with earlier clinic-based studies of patients with dry eye disease,234,238 a positive 

association was observed between xerostomia severity and dry eye symptoms in our sample. 

Furthermore, participants with symptomatic dry eye had twice the odds of reporting 

xerostomia, and had higher summated SXI-D scores than those without dry eye. These patterns 

are consistent with observations from a previous population-based study which showed that 

participants with dry eye symptoms were more likely to experience xerostomia than those who 

did not.239 

 

Both types of sicca symptoms are recognised to have profound impacts on the quality of life 

and day-to-day functioning of sufferers.8-10,33,223,225,226 Dry eye symptoms have an adverse 

impact on ocular comfort, and can be associated with transient visual disturbance, affecting 

everyday tasks such as reading, driving, computer and television use.8-10,33  Xerostomia can 

lead to speech and swallowing difficulties, as well as a number of complications, including 

dental caries, greater susceptibility to oral infections, sleep disturbances, dysgeusia and poor 

appetite.223,225,226 The positive association and debilitating implications of the two types of sicca 

symptoms supports the routine evaluation of xerostomia symptoms as part of the systemic 
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enquiry when assessing patients presenting with dry eye, and vice versa.38,77,227 Should a 

positive response be ascertained on systemic enquiry, referral to oral and dental practitioners, 

eye care specialists, general practice, or rheumatology services, as appropriate, may be 

indicated in order to facilitate a multidisciplinary approach to patient care.14,240-242 Further 

assessment and potential diagnostic work-up for Sjögren syndrome and other underlying 

autoimmune or rheumatologic conditions might also be warranted, especially in the presence 

of musculoskeletal discomfort and other systemic symptoms.77,227 A recent report released by 

the Sjögren Syndrome Foundation, a US-based patient advocacy organisation, estimated that 

the average time required to diagnose the condition is approximately 3 years.243 The 

consideration of both xerostomia and dry eye symptoms by eye care professionals, dental 

specialists and general practitioners might also help to reduce delays in the diagnosis of Sjögren 

syndrome. It should be noted that Sjögren syndrome was not specifically investigated in the 

SADLS study because of its low prevalence. Instead, the collection of medical history data 

focused on the more prevalent non-communicable diseases which afflict older adults. However, 

further analysis of the data identified 8 female individuals who represented cases of xerostomia 

and reported the most severe dry eye scores. Those 8 individuals comprise 1.3% of the overall 

sample, and 2.8% of the females. 

 

In conclusion, the findings of this study show that xerostomia and dry eye symptoms are both 

relatively common in the older adult population, and that they are associated and moderately 

concurrent. The potentially profound impacts on quality of life and functionality, as well as the 

positive association between the sicca symptoms, supports the routine enquiry into xerostomia 

symptoms when assessing patients presenting with dry eye, and vice versa. The SXI is a short 

and effective method of capturing such information, and its routine use in dental and ocular 

practice is warranted. 
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4.7. Lifestyle factors 

4.7.1. Background 
 

In recent years, there has been growing interest in the identification of modifiable risk factors 

for dry eye disease,2,14 on account of the projected increase of the financial and public health 

burden of the condition with the ageing population,2,21,26 Indeed, preventative intervention 

efforts and risk factor modification strategies might potentially be more cost effective than 

disease treatment at the population level.2,14,25 While the TFOS DEWS II Epidemiology report 

identified a number of potential lifestyle factors that might be associated with the development 

of dry eye disease, it also highlighted the need for further research to clarify the inconsistent 

findings reported in the contemporaneous scientific literature.2 Furthermore, the lack of 

consistency in methodological design and disease definition was acknowledged to introduce 

significant challenges when interpreting and comparing the findings of earlier epidemiology 

studies, as discussed in Section 1.5.2.2 The purpose of the current cross-sectional study was 

therefore to evaluate the relationship between lifestyle factors and dry eye disease, 

incorporating diagnostic criteria and methodology in accordance with the global consensus 

recommendations of the TFOS DEWS II Diagnostic Methodology Report, as discussed in 

Section 1.6.1.38 

 

4.7.2. Methods 
 

Participants of this cross-sectional study were enrolled through the Auckland Dry Eye 

Epidemiology Study, as described in Section 2.1.1. In addition, eligibility required participants 

to be 16 years or older; and report no history of major systemic or ophthalmic conditions (other 

than anterior blepharitis and dry eye disease); no use of systemic or topical medications known 

to affect the eye in the previous three months; and no previous ophthalmic surgery. 

 

A lifestyle factor questionnaire was administered as described in Section 2.2.1, and included 

questions on contact lens wear, urban or rural residential area, educational attainment, digital 

screen exposure, hours spent in air-conditioned or centrally heated environments, exercise, 

outdoor activity, sleep, diet, water intake, caffeine intake, alcohol consumption, and smoking. 
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Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 59. The diagnostic criteria for dry eye disease was based on the global 

consensus recommendations of the TFOS DEWS II reports,38,87 as discussed in Section 1.6.1 

and summarised in Table 60. 

 

Statistical analysis was conducted with Graph Pad Prism version 8.01 (California, USA) and 

IBM SPSS version 24 (New York, USA). Preliminary univariate logistic regression was used 

to identify potential predictors of dry eye disease. Multivariate logistic regression for predictors 

of dry eye disease was then conducted, incorporating variables with a univariate association 

threshold of p<0.15. The number of variables used in the multivariate regression analysis was 

limited to the number of diagnosed participants divided by 10, to avoid overfitting. All tests 

were two tailed, and p<0.05 was considered significant. Data are presented as mean±SD, 

median (IQR), or number of participants (% of participants) unless otherwise stated. 
 

 

 

Assessments 

1. Lifestyle factors questionnaire 

2. OSDI dry eye questionnaire 

3. DEQ-5 dry eye questionnaire 

4. Non-invasive tear film breakup time 

5. Tear osmolarity 

6. Ocular surface staining 
 
Table 59. Order of clinical assessments in lifestyle factors study 
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Diagnosis Criteria 
 
Dry eye disease 

 
• OSDI score ≥13, or DEQ-5 score ≥6 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear 
osmolarity ≥308mOsm/L, inter-ocular difference in 
osmolarity >8mOsm/L, corneal fluorescein staining 
>5 spots, conjunctival lissamine green staining >9 
spots, or lid margin staining ≥2mm length and ≥25% 
width 

 
 

Table 60. Diagnostic criteria in lifestyle factors study 
Diagnostic criteria for dry eye disease based on the global consensus recommendations of the TFOS DEWS II 
reports.38 
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4.7.3. Results  
 

The mean ± SD age of the 322 participants recruited (186 females, 136 males) was 41±22 years 

(range, 16 to 88 years). Demographic, lifestyle, and ophthalmic characteristics of participants 

are presented in Table 61. Overall, 111 (34%) participants fulfilled the TFOS DEWS II criteria 

for dry eye disease. 

 

Unadjusted univariate and multivariate-adjusted odds ratios of dry eye disease by demographic 

and lifestyle characteristic are presented in Table 62. Multivariate regression analysis 

demonstrated that advancing age, female sex, East Asian ethnicity were risk factors of dry eye 

disease (all p<0.05). Digital screen exposure time (per 1 hour/day increase) was a significant 

predictor of increased odds of dry eye disease (OR=1.14, 95% CI 1.04-1.26, p=0.008). Caffeine 

intake (per 1 serving/day increase) was independently associated with reduced odds of dry eye 

disease (OR=0.84, 95% CI, 0.72-0.98, p=0.03). 
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Table 61. Participant characteristics in lifestyle factors study 
Demographic, lifestyle, and ocular surface characteristics of participants. Data are presented as mean ± SD, 
median (IQR), or number of participants (% of participants). Asterisks denote statistically significant values 
(p<0.05). 
 

  

Characteristic 
All 

(n=322) 

TFOS DEWS II diagnostic 
criteria for dry eye disease 

Present 
(n=111) 

Absent 
(n=211) p 

Demographics     
Age (years) 41±22 46±22 38±22 0.005* 
Female sex 186 (58%) 75 (68%) 111 (53%) 0.01* 
European ethnicity 136 (42%) 37 (33%) 99 (47%) 0.02* 
East Asian ethnicity 116 (36%) 49 (44%) 67 (32%) 0.04* 
South Asian ethnicity 32 (10%) 11 (10%) 21 (10%) >0.99 
Other ethnicity 38 (12%) 14 (13%) 24 (11%) 0.72 
Lifestyle factors     
Contact lens wear 87 (27%) 36 (32%) 51 (24%) 0.12 
Urban residential area 310 (96%) 107 (96%) 203 (96%) >0.99 
Work hours per weekday (hours) 8 (6-8) 8 (5-8) 8 (6-8) 0.78 
Tertiary educational attainment 208 (65%) 76 (68%) 132 (63%) 0.33 
Digital screen exposure per day (hours) 4 (3-7) 5 (4-8) 4 (2-7) 0.02* 
Air-conditioned or centrally heated environment 
     exposure per day (hours) 

4 (0-8) 4 (0-8) 4 (0-8) 0.96 

Hours of exercise per day (hours) 1 (0-1) 1 (0-1) 1 (0-1) 0.89 
Hours of outdoor activity per day (hours) 2 (1-3) 2 (1-3) 2 (1-3) 0.82 
Hours of sleep per day (hours) 7 (6-8) 7 (6-8) 7 (6-8) 0.36 
Vegetarian diet 14 (4%) 4 (4%) 10 (5%) 0.78 
Water intake per day (cups) 3 (2-6) 3 (2-5) 3 (2-6) 0.65 
Caffeine intake per day (servings) 1 (0-3) 1 (0-1) 1 (0-3) 0.03* 
Alcohol consumption per week (units) 1 (0-6) 1 (0-5) 1 (0-6) 0.39 
Smoking 62 (19%) 21 (19%) 41 (19%) >0.99 
Dry eye symptomology     
OSDI score (out of 100) 15 (6-33) 8 (2-12) 33 (22-50) - 
DEQ-5 score (out of 22) 6 (4-10) 5 (4-6) 9 (6-13) - 
Tear film quality     
Non-invasive tear film breakup time (s) 7.9 (4.7-11.4) 5.5 (3.2-7.3) 9.2 (6.4-15.1) - 
Tear film osmolarity (mOsm/L) 308±14 312±17 305±12 - 
Inter-ocular difference in osmolarity (mOsm/L) 7 (3-11) 10 (5-16) 6 (2-8) - 
Ocular surface characteristics     
Corneal fluorescein staining >5 spots 61 (19%) 35 (32%) 26 (13%) - 
Conjunctival lissamine green staining >9 spots 94 (29%) 53 (48%) 41 (19%) - 
Lid wiper epitheliopathy ≥2mm length and ≥25% width 114 (35%) 63 (57%) 51 (24%) - 
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Characteristic 

Unadjusted univariate 
logistic regression 

Multivariate-adjusted 
logistic regression 

OR (95% CI) p OR (95% CI) p 
Demographics     
Age (per 10 years) 1.16 (1.04-1.28) 0.005* 1.21 (1.06-1.44) 0.006* 
Female sex 1.85 (1.14-2.97) 0.01* 1.83 (1.06-3.15) 0.03* 
East Asian versus European ethnicity 1.96 (1.16-3.32) 0.01* 2.07 (1.10-3.91) 0.02* 
South Asian versus European ethnicity 1.40 (0.62-3.19) 0.42 - - 
Other versus European ethnicity 1.56 (0.73-3.34) 0.25 - - 
Lifestyle factors     
Contact lens wear 1.51 (0.91-2.50) 0.11 1.35 (0.75-2.42) 0.32 
Urban residential area 1.05 (0.31-3.58) 0.93 - - 
Work hours per weekday (per hour) 1.03 (0.90-1.17) 0.68 - - 
Tertiary educational attainment 1.30 (0.79-2.12) 0.29 - - 
Digital screen exposure per day (per hour) 1.12 (1.03-1.22) 0.007* 1.14 (1.04-1.26) 0.008* 
Air-conditioned or centrally heated  
     environment exposure per day (per hour) 

1.01 (0.95-1.07) 0.79 - - 

Hours of exercise per day (per hour) 0.96 (0.56-1.66) 0.89 - - 
Hours of outdoor activity per day (per hour) 1.05 (0.94-1.17) 0.39 - - 
Hours of sleep per day (per hour) 1.02 (0.97-1.08) 0.43 - - 
Vegetarian diet 0.75 (0.23-2.45) 0.64 - - 
Water intake per day (per cup) 0.96 (0.88-1.04) 0.33 - - 
Caffeine intake per day (per serving) 0.84 (0.72-0.98) 0.03* 0.82 (0.68-0.99) 0.04* 
Alcohol consumption per week (per unit) 1.01 (0.94-.107) 0.89 - - 
Smoking 0.97 (0.54-1.74) 0.91 - - 

 
Table 62. Logistic regression analysis in lifestyle factors study 
Logistic regression odds ratio of dry eye disease by demographic and clinical characteristics. Asterisks denote 
statistically significant values (p<0.05). 
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4.7.4. Discussion 
 

The results of this study demonstrated that advancing age, female sex, East Asian ethnicity, 

and digital screen exposure time were independent risk factors of dry eye disease, while 

caffeine consumption was a significant protective factor. The TFOS DEWS II Epidemiology 

report previously identified the lack of methodological homogeneity and disease definition to 

introduce significant challenges when interpreting the results of dry eye epidemiology studies, 

as discussed in Section 1.5.2.2 To our knowledge, this study is among the first to assess the 

relationship between lifestyle factors and dry eye disease using the global consensus TFOS 

DEWS II diagnostic criteria.38 In addition, recruited participants were required to be residents 

within the Auckland region over the past 15 years, providing some degree of control to climate 

and environmental exposure, and all participants reported no major systemic or ophthalmic 

disease other than dry eye disease. 

 

Consistent with the trends reported in previous studies and the TFOS DEWS II Epidemiology 

report,2,26-29,71,72,136,137,141,145 advancing age, female sex, and Asian ethnicity were identified to 

be non-modifiable risk factors of dry eye disease. Indeed, dry eye disease is acknowledged to 

be an age-related, degenerative condition which progresses with cumulative lifetime exposure 

to various environmental and physiological factors, that culminate in neurosensory 

abnormalities, hormonal changes, tear film homeostatic disturbances, and ocular surface 

inflammation, as discussed in Section 4.2.2,21,52 The association between female sex and dry 

eye disease has been hypothesised to be partially attributed to the complex inter-relationships 

between the regulatory action of sex steroids, hypothalamic-pituitary and thyroid hormones on 

the immune system and ocular surface, as discussed in Section 4.1.2,35 The East Asian ethnic 

propensity to dry eye development has been hypothesised to be related to anatomical 

differences in orbital structure, that predispose to increased eyelid tension, incomplete blinking, 

and accelerated rates of meibomian gland dropout, as discussed in Section 4.3.27,71,142 

 

Digital screen exposure time was shown to be positively associated with dry eye disease in the 

current study. These results are in agreement with the trends reported by earlier observational 

studies.30,31 The association between digital device screen exposure and dry eye disease is 

thought to be mediated by the suppression of spontaneous and reflex blinking while performing 

tasks related to significant cognitive loading and visual processing.73,200,244,245 This can lead to 
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decreased blink rate and completeness,31,200,245 thereby reducing the delivery of meibomian 

gland secretions to the ocular surface and impairing the integrity and quality of the surface tear 

film lipid layer.142 A continuous lipid layer has been previously demonstrated to be essential 

for inhibiting aqueous tear evaporation,64 and the pathophysiological changes associated with 

diminished blink quality can result in a vicious cycle of tear film hyper-evaporation, instability, 

hyperosmolarity, and ocular surface inflammation.21,142 Furthermore, up-gaze associated with 

the use of certain desktop computer monitors might also increase the exposed ocular surface 

area between blink cycles,73,246 further exacerbating any pre-existing aqueous tear hyper-

evaporation.21  

 

Caffeine consumption was demonstrated to be a protective factor of dry eye disease in the 

current study, although conflicting findings have been reported in previous studies.78,247-251 

Although increased tear meniscus height and Schirmer’s test values have been observed 

following caffeine consumption in prospective, placebo-controlled, crossover studies,247,248 

conflicting results have been reported in earlier observational research.249,250 The protective 

effects of caffeine have been previously hypothesised to be mediated by the stimulation of 

increased aqueous tear production of the lacrimal glands via the inhibition of 3',5'-cyclic 

nucleotide phosphodiesterase, although the exact mechanisms remain yet to be fully 

understood.247,248,251 

 

The identification of modifiable risk factors, including digital screen exposure time and 

caffeine consumption, in the current study might inform future research in preventative 

intervention and risk factor modification, both at an individual and population level.2,14 Dry 

eye disease is recognised to have significant public health impacts and financial burden;2,25 and 

in the United States, the total societal expenditure related to physician visits, therapeutic 

management, productivity loss, and other associated costs is estimated to be US$55.4 billion 

per year.25 Preventative intervention and risk factor modification strategies might potentially 

be more cost effective at the population level.2,14 While the observational nature of the current 

study would preclude the inference of causality, future prospective or randomised studies 

should be conducted to further investigate the long-term effects of blinking training, digital 

screen exposure time modification, and caffeine consumption on the ocular surface and tear 

film.2,14,142,247,248 
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This study is not without limitations. Lifestyle factors were self-reported by participants, which 

can introduce recall bias. The open recruitment process might also be associated with selection 

bias. Nevertheless, the same limitations are acknowledged to exist in previous studies with 

similar designs, and may be partially mitigated to some extent by recruiting from community 

residents with no other major systemic or ophthalmic conditions, rather than a hospital-based 

convenience sample. 

 

In conclusion, advancing age, female sex, East Asian ethnicity, and digital screen exposure 

time were risk factors of dry eye disease, while caffeine consumption was a protective factor. 

The identification of modifiable risk factors of dry eye disease in the current study might 

contribute towards informing the design of future prospective research investigating the 

efficacy of preventative intervention and risk factor modification strategies. 
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4.8. Eye cosmetics 

4.8.1. Background 
 

Eye cosmetics have been used since prehistoric times to emphasise and highlight the eyes 

(Figure 27).252,253 To this day, they remain widely used worldwide among female populations 

of all age groups.254,255 In addition to religious, cultural, and medicinal purposes,252,253 eye 

cosmetics are also commonly used to enhance perceived attractiveness and beauty.254-256 This 

is associated with profound psychosocial impacts, and many women report using cosmetic 

products to improve self-confidence.255,257 Market research from the United States and United 

Kingdom suggests that a large proportion of women use facial and eye cosmetics,255,257 with 

mascara, eyeliner, and eye shadow being among the most commonly applied products.255,257,258 

 

 
 

Figure 27. Eye cosmetic application 
Eyeliner applied to (A) the periocular skin of the lower eyelid, external to the lash line and (B) to the surface of 
the lower eyelid margin, within the lash line (‘tightlining’). 
 

 

Complications arising from the use of kohl, a common eye cosmetic product in Indian and 

Arabic cultures, are well established, and include lead toxicity, conjunctival and periocular 

pigmentation.259-261 In contrast, there has been little published literature on the long term ocular 

effects of Western eye cosmetic formulations until recent decades,255 although the cosmetic 

industry is subjected to stringent regulation and rigorous safety assessments.255,257,258 

Nevertheless, recent clinical evidence has demonstrated the migration of externally applied 

cosmetic material across the eyelid margin,262,263 and this is thought to predispose eye cosmetic 

wearers towards tear film instability and dry eye disease development.257,258,264-266   
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An understanding of the ocular effects of eye cosmetic wear and the efficacy of potential 

treatments is required to inform clinical advice and management. The purpose of this review 

was therefore to examine the current evidence base surrounding the ocular migration of eye 

cosmetic products, the effects of cosmetic product contamination on tear film function, and the 

use of dry eye treatments in eye cosmetic wearers.  

 

4.8.2. Discussion 
 

Ocular migration of eye cosmetic products 

 

The migration of externally applied eye cosmetics onto the ocular surface has been consistently 

reported.257,258,262,263,265 There have been numerous anecdotal accounts of tear film 

contamination with eye cosmetic products during routine slit lamp examination.257,263 

Prospective studies have confirmed that tear film contamination can result from passive and 

inadvertent migration of periocular cosmetic products across the eyelid margin, in addition to 

poor application techniques, direct accidental ocular instillation, and eye rubbing.257,262 

Furthermore, this phenomenon is also thought to contribute towards some of the reported 

adverse effects associated with eye cosmetic wear, including posterior blepharitis, ocular 

surface irritation, tear film instability, conjunctival pigmentation, corneal epithelium 

inflammation, and keratitis.253,258,267-270 

 

Eyeliner products are commonly applied to the periocular skin, immediately adjacent to, but 

external to the lash line (Figure 27a) or directly onto the lid margin at mucocutaneous junction, 

also known as ‘tightlining’ (Figure 27b).  Clinical examples of periocular and inner lash line 

eyeliner application, showing the migration of cosmetic product onto the lid margin and onto 

the interpalpebral ocular surface are shown in Figure 28.  

 

Two prospective studies have investigated the influence of the periocular location of cosmetic 

application on tear film contamination levels.262,263 A randomised parallel group study of 75 

participants compared tear film contamination levels following application of a cosmetic 

product mixture of hydroxycellulose gel and fluorescein at the outer, mid, and inner eyelash 

lines.262 Ocular surface migration of the mixture was confirmed using the detection of 

fluorescence under a slit lamp blue light filter. A Schirmer test paper strip was used for tear 
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collection, and its colour was used to semi-quantitatively determine the level of tear film 

contamination. The results showed that ocular surface migration and tear film contamination 

levels were significantly greater and more rapid with product application at the inner eyelash 

line. In order to avoid brand bias and ocular irritation, the study investigators formulated their 

own cosmetic product mixture. However, the mixture was relatively more hydrophilic than 

some of the commercially available formulations, which potentially limits the applicability of 

the study findings to other cosmetic products. 

 

 

 
 
Figure 28. Ocular migration of eye cosmetic products 
(A–C) Varying levels of eyeliner drift onto the eyelid margin following periocular eyeliner application, observed 
incidentally during bulbar hyperaemia examination; (D) Kohl eyeliner applied posterior to the lash line, directly 
onto the mucocutaneous junction, with visible debris within the interpalpebral zone. 
 

 

 

Another pilot randomised crossover study investigated the migration of glitter particles into the 

tear film of three participants, following periocular skin and inner eyelash line application of a 

commercially available pencil eyeliner, consisting of a more hydrophobic mixture of waxes, 

oils, and pigments.263 High resolution slit lamp video recordings were performed to quantify 

the number of glitter particles suspended within the tear film. An example of pearlescent debris 

from cosmetics is shown in Figure 29. The study findings demonstrated that eyeliner 
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application at the periocular skin was associated with slower and reduced levels of tear film 

contamination. Interestingly, tear film contamination levels generally peaked within 10 

minutes of product application and were negligible after a period of 2 hours in both groups.  

 

 
 
Figure 29. Tear film contamination with eye cosmetic products 
Pearlescent cosmetic particles in the tear film (arrows), visible incidentally during lipid evaluation (Oculus 

Keratograph 5M). 

 

 

The exact mechanisms which facilitate the migration of externally applied cosmetic products 

across the eyelid margin are not fully understood.258,262,263,265  Nevertheless, a number of 

explanations for product migration have been proposed, with one such hypothesis suggesting 

that the eyelid movements during blinking may create mechanical forces which enhance the 

movement of periocular particles towards the tear film,258,262,265 although the manner by which 

such mechanical forces are generated remains contentious.263 The recent identification of the 

“overblink” phenomenon271 would suggest that the direct apposition of the eyelid margins may 

not necessarily be implicated, while the role of mechanical rubbing remains unclear.263 In 

addition, forced blinking is thought to amplify the mechanisms that facilitate the transport of 

periocular particles, and may arise reflexively from ocular stimulation and irritation during 

cosmetic application or following initial product migration.262,265 

 

Another hypothesis suggests that the action of the muscles of Riolan may also be involved in 

encouraging the migration of particles across the lid margin.263 The muscles of Riolan consist 
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of a group of vertically aligned fibres which lie immediately subjacent to the periocular 

palpebral skin.205,206 Although the function of the muscles of Riolan is not fully understood, 

they are thought to be involved in promoting the expression of meibomian gland secretions, 

preserving the close approximation of the eyelid margin to the globe, and retaining the 

orientation of the eyelashes.205,206,263 In addition, they may also potentially effect minute 

vertical movements of the eyelid skin, which may further enhance the transfer of periocular 

particles towards the ocular surface.205,263 The relatively warmer temperature of the periocular 

eyelid skin relative to the external environment may reduce the viscosity of the eye cosmetic 

products applied, and further enhance motility.258 The suction forces that result from the surface 

tension of the tear meniscus may also promote the movement of cosmetic products that are in 

close proximity to the lid margin, towards the ocular surface.258,262 

 

The movement of cosmetic material particles within the tear film itself is thought to be driven 

by a number of processes including diffusion, drift, and mass flow.258 The distribution of 

electrically neutral constituents may be dictated primarily by diffusional movement down the 

concentration gradient. Charged constituents can drift through the tear film according to the 

distribution of electrolytes and negatively charged glycocalyx molecules beneath the aqueous-

mucin phase. The mass flow of the tear volume is driven by the lacrimal pump and blinking 

mechanism, facilitating the clearance of particulate matter within the tear film through the 

lacrimal drainage system.  

 

Effects on lipid layer quality 

 

The most superficial layer of the tear film is composed of a complex mixture of lipids secreted 

by the meibomian glands,36 and a continuous surface lipid layer is required to inhibit tear 

evaporation.64 It has been suggested that the migration of cosmetic products across the eyelid 

margin may potentially contribute towards an increase in debris within the surface tear film 

lipid layer, in meibomian gland blockage, and in meibum contamination.262,263,266 The resulting 

destabilisation of the lipid layer can lead to increased tear evaporation and reduced tear film 

stability.64,257,258,265 

 

An observational study of 180 participants reported a significant correlation between eye 

cosmetic wear and reduced tear film lipid layer thickness.272 The secondary analysis of another 

observational study of 281 participants found that female eye cosmetic wearers were less likely 
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to exhibit foaming at the inner palpebral canthus than female participants who were not wearers 

of eye cosmetics.273 The eyelid margin foam was thought to be composed of sebum and 

meibum, and a reduction in foaming was found to be correlated with symptoms of dry eye. The 

study authors suggested that constituents of eye cosmetic product formulations may potentially 

bind with the amphipathic phospholipids, compromising the stability and preventing the 

formation of foam globules, which, in turn, could be related to general instability of the pre-

ocular tear film. Interestingly, this interpretation differs significantly from the current 

understanding of eyelid margin foaming, which is thought to be associated with meibomian 

gland dysfunction and to represent saponification of the lipid secretions induced by bacterial 

lipases.274 Furthermore, it is not known whether the confounding effects of regular eyelid 

hygiene regimens associated with eye cosmetic wear may have contributed towards the trends 

reported in the study.  

 

A pilot infrared spectroscopy study was conducted to examine the effects of mixing liquid and 

pencil eyeliners on the molecular structure and lipid phase transition of human meibum.266 The 

study findings demonstrated that the cosmetic products tested exhibited considerably higher 

lipid phase transition temperatures than meibum. The lipid phase transition temperature of 

human meibum was also found to increase by 4.2°C when mixed with the pencil eyeliner 

product, and the minimum frequency, enthalpy and entropy of phase transition decreased 

significantly. Overall, the changes in lipid order observed following the application of pencil 

eyeliner to human meibum represented an increase in viscosity, which was thought to have the 

potential of exerting adverse effects on tear film stability. 

 

A randomised crossover study of 24 participants compared the effects of 7-day pencil eyeliner 

application at the periorbital skin and mucocutaneous junction.275 Interestingly, the study found 

that mucocutaneous junction application was associated with improved lipid layer thickness, 

decreased ocular comfort, and no changes in tear film stability. Furthermore, the OSDI scores 

were significantly poorer following eyeliner application at the mucocutaneous junction than 

the periorbital skin. The study investigators concluded that the migration of lipophilic eyeliner 

constituents was likely to explain the increased lipid content observed within the tear film. 

However, the adverse impacts on symptomology suggested that ocular surface homeostasis 

had been disrupted by the migration of cosmetic products. 
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The potential role of preservatives used within eye cosmetic formulations has also been raised. 

A review suggested that benzylalkonium chloride (BAK), a quaternary ammonium 

preservative, may contribute towards lipid layer destabilisation through its detergent-like 

tensioactive effects.258 However, it is noted that BAK is no longer widely used in eye cosmetic 

products, partly due to its reduced preservative efficacy within formulations containing solid 

particulate matter or ionic emulsifications.276 Nevertheless, the review also proposed a model 

by which lipophilic constituents of cosmetic formulations may disrupt the integrity of the tear 

film lipid layer.258 The model suggests that the lipophilic substances may initially diffuse 

through the surface lipid layer. However, their inability to dissolve within the aqueous phase 

of the tear film would lead to their accumulation at the lipid-aqueous interface, which could 

compromise the stability of the overlying tear film lipid layer. 

 

The adverse effects of eye cosmetic removal products on tear film parameters have also been 

reported. An in vivo clinical study demonstrated the migration of cosmetic removal products 

into the tear film, following application of the solution over closed eyelids.277 A prospective 

study of 20 participants compared the effects of three eye cosmetic removal products on tear 

film measurements, including an oil and alcohol free formulation, an oil-based microemulsion, 

and a hyaluronic acid-containing micelle solution.278 The results showed that all three products 

effected an increase in tear film evaporation, and, rather unexpectedly, the oil-based 

microemulsion was associated with the greatest reduction in lipid layer quality and tear film 

stability. 

 

Nevertheless, despite the unfavourable impact of the migration of cosmetic products and 

removers across the eyelid margin, it has been suggested that the digital manipulation and 

eyelid hygiene regimens associated with regular removal of eye cosmetic products might 

introduce somewhat paradoxical confounding effects.255 Eyelid hygiene and digital expression 

of meibomian glands are both commonly recommended components of the multi-modal 

management of meibomian gland dysfunction, the leading cause of evaporative dry eye.14,41 

Digital expression of meibomian glands has been shown to increase tear film stability and 

reduce the rate of tear evaporation.187,279 It is not known whether regular eyelid hygiene and 

digital manipulation associated with routine removal of eye cosmetic products may potentially 

counteract some of the adverse effects associated with cosmetic product migration into the tear 

film.255 
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Ocular surface inflammatory effects 

 

Numerous adverse effects and complications have been reported in association with eye 

cosmetic wear.253,257,258 There is an increased risk of ocular infection with microbial 

contamination of the products, which may arise from multiple sources, such as during the 

manufacturing process, reduced preservative efficacy with the age of the product, and shared 

use of cosmetic products amongst multiple users.280-283 Ocular Demodex mites have a high 

affinity towards oil-rich environments, such as the meibomian glands, and may also survive in 

oil-based cosmetic products and applicators.257 Corneal trauma is a recognised potential 

complication from the use of mascara applicator wands (Figure 30).284-286 Eyelid dermatitis and 

ocular surface irritation can also occur in response to several constituents within eye cosmetic 

formulations including fragrances, preservatives, antioxidants, emollients, resins, nickel 

containing pigments, and pearlescent additives.287,288 In addition, posterior blepharitis, ocular 

surface irritation, conjunctival pigmentation, and keratitis have also been reported in 

association with eye cosmetic wear.253,258,267-270 

 

 

 
 
Figure 30. Adverse effects of eye cosmetic application 
Corneal abrasions induced by a mascara wand, observed under blue light following sodium fluorescein instillation.   
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The adverse effects reported would suggest that the constituents of eye cosmetic formulations 

may have the potential to trigger ocular surface inflammatory pathways. This can serve as an 

additional entry point to the vicious circle of dry eye disease,21 independent of the tear film 

hyper-evaporative mechanisms driven by the compromised surface lipid layer quality. 

Inflammatory mediators within the tear film can lead to ocular surface epithelial damage, 

goblet cell loss, and disturbances in glycoclayx mucin expression. These inflammatory changes 

can exacerbate any pre-existing susceptibility to tear film instability and hyperosmolarity. The 

resulting ocular surface desiccation, frictional damage, and inflammatory cascades may also 

adversely affect aqueous tear production, which would act synergistically with the hyper-

evaporative mechanisms driven by tear film instability to further perpetuate the vicious circle 

of dry eye disease. 

 

It has also been suggested that the potential influx and accumulation of hydrophilic constituents 

of cosmetic formulations within the aqueous-mucin phase of the tear film may directly increase 

tear film osmolarity.258 Tear film hyperosmolarity can lead to epithelial damage, both directly 

and indirectly, through mediating various inflammatory pathways. The resulting ocular surface 

changes can predispose towards poorer tear film stability. Furthermore, the movement of 

particulate matter within the aqueous-mucin phase may also affect the viscoelasticity of the 

tear film, which can also contribute towards tear film instability.258 

 

Effects on ocular comfort 

 

The adverse impact of eye cosmetic products on tear film stability would suggest that their use 

is associated with poorer ocular comfort and dry eye symptomology,262,263,265,275 although, it 

has been acknowledged that eyelid hygiene regimens and digital manipulation associated with 

routine removal of cosmetic products may potentially introduce confounding effects.255  

 

A cross-sectional survey of 1360 female respondents was conducted to explore the relationship 

between eye cosmetic usage and ocular comfort.255 The survey results showed that eye 

cosmetic wearers displayed marginally poorer OSDI scores than participants who did not use 

eye cosmetics, although the trends did not reach statistical significance. Among eye cosmetic 

wearers, perceived ocular comfort was significantly poorer during days when make-up 

products were applied. The frequency and specific product applied were found not to be 

correlated with OSDI scores. Nevertheless, the potential for self-selection bias cannot be 
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excluded, whereby respondents susceptible to symptoms of dry eye may potentially limit their 

pattern of eye cosmetic wear, in order to minimise ocular discomfort. 

 

A randomised crossover study of 20 female participants showed that perceived ocular comfort 

decreased following 7-day pencil eyeliner application to either the periocular skin and 

mucocutaneous junction.275 Furthermore, mucocutaneous junction application was associated 

with poorer OSDI scores than periocular skin application, and the study investigators attributed 

this trend towards the greater levels of tear film contamination when the product was applied 

closer to the eye’s surface. 

 

Another prospective study involving 410 participants tracked subjective and objective 

measurements of ocular irritation during a 2-hour period following provocative instillation of 

neat formulations of mascara, powder eye shadow, eye cosmetic remover, and liquid cosmetics 

into the inferior fornix.267 The study intended to mimic accidental ocular instillation of 

cosmetic products, and found that powder eye shadow was associated with the most severe 

sodium fluorescein staining scores. The results also demonstrated that the subjective irritation 

scores generally peaked within 30 seconds following ocular instillation of cosmetic products, 

and symptoms usually resolved within 15 minutes. 

 

Dry eye treatments in eye cosmetic wearers 

 

Dry eye disease is one of the most commonly encountered ophthalmic conditions in clinical 

practice, and is recognised to have significant effects on vision, ocular comfort, and quality of 

life.33 Epidemiological studies have consistently reported a higher prevalence of dry eye among 

females.2,35 Furthermore, there is thought to be an increased propensity for eye cosmetic 

wearers to develop symptoms of dry eye, due to the reduced tear film stability and lipid layer 

quality associated with the migration of periocular cosmetic products across the eyelid 

margin.257,258,264-266  With the higher prevalence of dry eye disease and widespread use of eye 

cosmetics among the female population, research investigating the compatibility and efficacy 

of dry eye treatments in patients concurrently wearing eye cosmetics is required to inform 

clinical advice and management. 

 

A prospective study of 75 participants demonstrated that saline eye drop instillation 

exacerbated the migration of a hydrophilic periocular mixture of hydroxyethyl cellulose gel 
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and aqueous sodium fluorescein into the tear film.262 A more recent investigator-masked 

randomised paired-eye trial of 50 participants was conducted to compare the effects of a lipid-

containing lubricant eye drop and phospholipid liposomal spray on the tear film function of 

eye cosmetic wearers.265 A pencil eyeliner was applied to the periocular skin anterior to the 

lash line 15 minutes prior to treatment application. The study results showed that neither 

treatment adversely affected periocular appearance, as might occur if displacement or 

smudging of the product occurred, although particulate tear film contamination was observed 

on slit lamp examination in a greater proportion of eyes following application of either 

treatment. The results of the two studies suggest that eye drop instillation and liposomal spray 

application may both be associated with increased tear film contamination in eye cosmetic 

wearers. The corneal sensation elicited by eye drop instillation can reflexively induce forceful 

and excessive blinking, which may promote increased migration of cosmetic products.262,265 

Furthermore, the overflow of fluid following eye drop instillation may allow the suction forces 

created by the surface tension of the tear film and eye drop solution to act over a greater surface 

area, drawing in an increased amount of cosmetic material.258,262 The migration of liposomes 

delivered by the phospholipid spray across the eyelid margin has previously been 

demonstrated,96,289,290 and the interaction between the liposomes and cosmetic products may 

potentially contribute towards the greater levels of tear film contamination observed.265 

 

Interestingly, in the second study, no significant changes were detected in tear film stability or 

evaporation, despite improvements in tear film lipid layer thickness being observed following 

both treatments.265 These trends contrast greatly with earlier studies which demonstrate the 

clinical efficacy of both dry eye treatments in improving tear film stability in participants who 

were not wearing eye cosmetics.92,96 Although the lipid supplementation provided by both the 

lubricant eye drop and liposomal spray effected an increase in lipid layer thickness, these 

effects may potentially have been negated by the destabilising action associated with the 

increased migration of cosmetic products into the tear film.265 This suggests that the ability to 

achieve the full clinical potential of either dry eye treatment might be compromised in eye 

cosmetic wearers. Whether this is a transient or persistent effect is unknown, and future long-

term studies are required to assess potential cumulative and delayed effects of dry eye 

treatments in wearers of eye cosmetics. 
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Conclusion 

 

Eye cosmetics are used extensively worldwide, predominantly by female populations, and 

across almost all age groups. Prospective studies have confirmed that tear film contamination 

can result from the passive migration of both hydrophilic and hydrophobic cosmetic 

formulations towards the ocular surface. Experimental and clinical evidence would suggest that 

the migration of such products across the eyelid margin may destabilise the surface tear film 

lipid layer, thereby predisposing wearers towards poorer tear film stability and evaporative dry 

eye symptoms. However, mixed findings have been reported in clinical studies, perhaps as a 

result of confounding factors that cannot be excluded, such as regular digital manipulation and 

eyelid hygiene regimens associated with eye cosmetic removal routines. 

 

In addition to lipid layer destabilisation, a number of other ocular surface adverse effects and 

complications have been reported in association with eye cosmetic wear. This suggests the 

potential presence of pro-inflammatory agents within cosmetic formulations, which can 

increase the propensity towards ocular surface disease development. 

 

Interestingly, the majority of published clinical studies have focussed on the effects of 

eyeliners, and future long-term prospective research is required to establish the effects of a 

broader range of cosmetic products on tear film function, including those of facial creams and 

cleansers. Nevertheless, randomised studies have shown that eyeliner application at the inner 

eyelash line is associated with greater levels of tear film contamination and ocular discomfort 

than the external periocular skin.  The potential for supplemental adverse impacts from eyeliner 

application directly over the meibomian gland orifices in the longer term also needs to be 

considered in future studies, but based on current evidence, eye cosmetic wearers should be 

advised to avoid product application to the inner eyelash line, in order to minimise cosmetic 

product migration across the eyelid margin. 

 

The higher prevalence of dry eye disease among females and the widespread use of eye 

cosmetics necessitate research assessing the clinical efficacy of dry eye treatments in eye 

cosmetic wearers. A recent randomised trial showed that both lipid-containing eye drops and 

liposomal sprays appear to exacerbate the migration of cosmetic products across the eyelid 

margin. Although significant increases in lipid layer thickness were observed following both 

treatments, their clinical efficacy in improving tear film stability appeared to be compromised. 
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Future long-term trials investigating the effects of cosmetic use and exploring the efficacy and 

compatibility of a wider range of dry eye treatments in eye cosmetic wearers are required to 

inform clinical management.  
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4.9. Self-perceived health and stress burden 

4.9.1. Background 
 

Symptoms of dry eye disease, including ocular dryness, irritation, and visual disturbance is 

acknowledged to have adverse impacts on quality of life and work productivity.2,3,6 Indeed, dry 

eye symptoms and can impair the ability to complete tasks of daily living, including driving, 

outdoor recreational activity, digital screen use, reading, and watching television.2,3,6,11-13 

Furthermore, the wide-reaching impacts of dry eye disease beyond the ocular surface has also 

been recognised with growing interest in the potential association between the condition and 

psychological stress burden and self-perceived health status.4,5,7 However, the recent TFOS 

DEWS II Epidemiology report highlighted the lack of consistency in methodological design 

and disease definition to introduce considerable issues when interpreting and comparing the 

findings of previous epidemiology studies, as discussed in Section 1.5.2.2 The purpose of the 

current cross-sectional study was therefore to assess the relationship between dry eye disease, 

self-perceived health status, and self-reported psychological stress burden, incorporating 

diagnostic criteria and methodology in accordance with the global consensus recommendations 

of the TFOS DEWS II Diagnostic Methodology Report, as discussed in Section 1.6.1.38 

 

4.9.2. Methods 
 

Participants of this cross-sectional study were enrolled through the Auckland Dry Eye 

Epidemiology Study, as described in Section 2.1.1. In addition, eligibility required participants 

to be 16 years or older; and report no history of major systemic, psychiatric, ophthalmic 

conditions (other than anterior blepharitis and dry eye disease); no use of systemic or topical 

medications known to affect the eye in the previous three months; and no previous ophthalmic 

surgery.  

 

Participants were asked to rate self-perceived health status on a 4-point scale: 1, poor health 

status; 2, fair health status; 3, good health status; 4, excellent health status; and to rate self-

reported psychological stress burden on a 3-point scale: 1, minimal stress burden; 2, moderate 

stress burden; 3, high stress burden. 
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Clinical assessments of right eye ocular surface parameters were evaluated in a single session, 

as described in Section 2.2. The order of clinical assessments conducted during the study visit 

are listed in Table 63. The diagnostic criteria and thresholds for dry eye disease, aqueous tear 

deficiency, and meibomian gland dysfunction were based on the global consensus 

recommendations of the TFOS DEWS II and the International Workshop on Meibomian Gland 

Dysfunction,38,87 as discussed in Section 1.6.1 and summarised in Table 64. 

 

Statistical analysis was conducted with Graph Pad Prism version 8.01 (California, USA) and 

IBM SPSS version 24 (New York, USA). Univariate and multivariate logistic regression was 

used to assess the relationship between self-perceived health status, self-reported psychological 

health burden, and dry eye disease, adjusting for age, gender, ethnicity, and contact lens wear 

as pre-designated confounding variables. All tests were two tailed, and p<0.05 was considered 

significant. Data are presented as mean±SD, median (IQR), or number of participants (% of 

participants) unless otherwise stated. 
 

 

 

Assessments 

1. Self-perceived health status 

2. Self-reported psychological stress burden 

3. OSDI dry eye questionnaire 

4. DEQ-5 dry eye questionnaire 

5. Tear meniscus height 

6. Non-invasive tear film breakup time 

7. Tear film lipid layer grade 

8. Tear osmolarity 

9. Ocular surface staining 

10. Infrared meibography 
 
Table 63. Order of clinical assessments in self-perceived health and stress burden study. 
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Diagnosis Criteria 
 
Dry eye disease 

 
• OSDI score ≥13, or DEQ-5 score ≥6 

 
AND 
 

• Non-invasive tear film breakup time <10s, tear 
osmolarity ≥308mOsm/L, inter-ocular difference in 
osmolarity >8mOsm/L, corneal fluorescein staining 
>5 spots, conjunctival lissamine green staining >9 
spots, or lid margin staining ≥2mm length and ≥25% 
width 

 
 
Aqueous tear deficiency 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear meniscus height <0.2mm 
 

 
Meibomian gland dysfunction 

 
• Diagnosis of dry eye disease 

 
AND 
 

• Tear film lipid layer grade ≤3, or meibography grade 
>1 

 
 

Table 64. Diagnostic criteria in self-perceived health and stress burden study 
Diagnostic criteria for dry eye disease, aqueous tear deficiency, and meibomian gland dysfunction based on 
the global consensus recommendations of the Tear Film and Ocular Surface Society Dry Eye Workshop II 
(TFOS DEWS II) and the International Workshop on Meibomian Gland Dysfunction.38,87 
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4.9.3. Results  
 

The mean ± SD age of the 312 participants recruited (178 females, 134 males) was 38±21 years 

(range, 16 to 84 years). Demographic characteristics, self-perceived health status, self-reported 

psychological stress burden, and ocular surface parameters of participants are presented 

inTable 65, Figure 31 and Figure 32. Overall, 108 (35%) participants fulfilled the TFOS DEWS 

II criteria for dry eye disease. 
 

Characteristic Values 
Demographics  
Age (years) 38±21 
Female sex 178 (57%) 
European ethnicity 123 (39%) 
East Asian ethnicity 121 (39%) 
South Asian ethnicity 31 (10%) 
Other ethnicity 37 (12%) 
Contact lens wear 85 (27%) 
Self-perceived health status score (out of 4)  
1 (poor health status) 18 (6%) 
2 (fair health status) 16 (5%) 
3 (good health status) 202 (65%) 
4 (excellent health status) 76 (24%) 
Self-reported psychological stress burden score (out of 3)  
1 (minimal stress burden) 119 (38%) 
2 (moderate stress burden) 178 (57%) 
3 (high stress burden) 15 (5%) 
Dry eye symptomology  
OSDI score (out of 100) 12 (6-33) 
DEQ-5 score (out of 22) 6 (3-10) 
Tear film quality  
Non-invasive tear film breakup time (s) 8.9 (5.7-12.6) 
Tear film osmolarity (mOsm/L) 306±12 
Inter-ocular difference in osmolarity (mOsm/L) 6 (2-13) 
Tear film lipid layer grade (out of 5) 3 (2-4) 
Tear meniscus height (mm) 0.28±0.12 
Ocular surface characteristics  
Corneal fluorescein staining >5 spots 54 (17%) 
Conjunctival lissamine green staining >9 spots 103 (33%) 
Lid wiper epitheliopathy ≥2mm length and ≥25% width 144 (46%) 
Superior meibography grade (out of 4) 1 (1-2) 
Inferior meibography grade (out of 4) 1 (1-2) 
TFOS DEWS II diagnostic criteria  
Overall diagnosis of dry eye disease 108 (35%) 
Aqueous tear deficiency 30 (10%) 
Meibomian gland dysfunction 96 (31%) 

 

Table 65. Participant characteristics in self-perceived health and stress burden study 
Demographic and ocular surface characteristics of participants. Data is presented as mean ± SD, median (IQR), 
or number of participants (% of participants).   
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Figure 31. Health status distribution in self-perceived health and stress burden study 
Distribution of self-perceived health status of participants by the presence of dry eye disease, as defined by the 
TFOS DEWS II diagnostic criteria. 
 

 

 

 
Figure 32. Stress burden distribution in self-perceived health and stress burden study 
Distribution of self-reported psychological stress burden of participants by the presence of dry eye disease, as 
defined by the TFOS DEWS II diagnostic criteria. 
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Unadjusted univariate and multivariate-adjusted odds ratios of dry eye disease by self-

perceived health status and self-reported psychological stress burden are presented in Table 66. 

Multivariate regression analysis demonstrated that improved self-perceived health status was 

associated with decreased odds of dry eye disease, aqueous tear deficiency and meibomian 

gland dysfunction (all p<0.05). Increased self-reported psychological stress burden was 

positively associated with dry eye disease, aqueous tear deficiency and meibomian gland 

dysfunction (all p≤0.01). Sensitivity analysis demonstrated similar trends following the 

exclusion of participants with a history of contact lens wear. 

 

 

 

Characteristic 

Logistic regression of dry eye disease 
Unadjusted univariate Multivariate-adjusted 

OR (95% CI) p OR (95% CI) p 
Self-perceived health status (per score)     
Overall diagnosis of dry eye disease 0.61 (0.43-0.86) 0.003* 0.66 (0.47-0.94) 0.02* 
Aqueous tear deficiency 0.54 (0.34-0.85) 0.007* 0.49 (0.30-0.79) 0.004* 
Meibomian gland dysfunction 0.63 (0.45-0.88) 0.006* 0.68 (0.48-0.96) 0.03* 
Self-reported psychological stress 
burden (per score) 

    

Overall diagnosis of dry eye disease 1.98 (1.29-3.04) 0.002* 1.94 (1.25-2.98) 0.003* 
Aqueous tear deficiency 2.28 (1.14-4.49) 0.02* 2.37 (1.19-4.71) 0.01* 
Meibomian gland dysfunction 1.87 (1.20-2.89) 0.005* 1.83 (1.17-2.84) 0.007* 

 
Table 66. Logistic regression analysis in self-perceived health and stress burden study 
Logistic regression odds ratio of dry eye disease by self-perceived health status and self-reported psychological 
stress burden. Asterisks denote statistically significant values (p<0.05). 
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4.9.4. Discussion 
 

The findings of this study demonstrated that dry eye disease was associated with poorer self-

perceived health status and increased self-reported psychological stress burden in this cohort 

of participants with no other major medical, ophthalmic, or psychiatric comorbidities. The 

TFOS DEWS II Epidemiology report acknowledged that significant differences in 

methodologic design, disease definition, and environmental exposures in the contemporaneous 

dry eye epidemiology literature to introduce significant challenges when interpreting and 

comparing study findings, as discussed in Section 1.5.2.2 To our knowledge, the current study 

is among the first to investigate the relationship between dry eye disease and self-perceived 

heath status and subjective psychological stress burden using the recommended global 

consensus TFOS DEWS II diagnostic criteria for dry eye disease.38 Moreover, participant 

eligibility required residency in Auckland for 15 or more years, which might provide some 

degree of control to environmental and climatic exposure. In addition, participants were also 

required to report no major systemic, psychiatric, and ophthalmic conditions other than dry eye 

disease. 

 

The impact of dry eye disease on ocular comfort, visual function, and quality of life has been 

well recognised in previous research,2,3,6 and might contribute to the association with poorer 

self-perceived health status observed in the current study. Symptoms of dry eye disease, 

including ocular irritation, visual blurring, and epiphora, can interfere with daily activities of 

life, such as driving, outdoor recreational activity, digital screen use, reading, and watching 

television.2,3,6,11-13 The resulting impact on the functional ability of an affected individual is 

likely to influence their overall self-perceived health status, and reflects the wide reaching 

impact of this chronic condition.2,3,6 

 

In addition to self-perceived health status, the results of the current study also show that dry 

eye disease is associated with greater self-reported psychological stress burden. These findings 

are in agreement with earlier studies which highlight the positive association between dry eye 

disease and psychological stress and morbidity.5,291-294 While the observational nature of the 

current study would preclude the inference of causality, it is possible that the observed 

association between psychological stress and dry eye disease might be multifactorial.2,4,5 The 

symptoms of dry eye disease and the associated impairment on functional ability is likely to 
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contribute to increased subjective psychological stress burden.2,3,6 Previous studies have 

consistently demonstrated that symptoms of dry eye disease are associated with negative 

effects on mental health and quality of life,5,8,293,295-297 and recently developed instruments for 

assessing dry eye disease-specific quality of life have also incorporated items assessing the 

psychological and functional burden of this condition.298,299 However, the possibility for 

psychological stress to exacerbate pre-existing tear film homeostatic disturbances and ocular 

surface inflammation associated with dry eye disease, through changes in immunologic, 

hormonal, and neurosensory modulation, cannot be excluded.2,3,16,21,35 Indeed, these potential 

mechanisms have previously been hypothesised by studies that have reported positive 

associations between dry eye disease and mental health disorders, including depression, 

anxiety, post-traumatic stress disorder, insomnia.15-20,300-304 However, the findings of this study 

would suggest that the associations between psychological stress burden and dry eye disease 

also exists in individuals with no psychiatric comorbidity. 

 

In conclusion, the results of this cross-sectional study highlight that dry eye disease is 

associated with poorer self-perceived health status, and greater self-reported psychological 

stress burden. These findings should alert eye care practitioners to maintaining awareness of 

the wide-reaching effects of this chronic debilitating condition, and the importance of 

minimising the impacts of dry eye disease with optimised management, as well as actioning 

inter-disciplinary referral where necessary. 
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CHAPTER 5. CONCLUSIONS 

5.1. Diagnostic methodology 

 

Research investigating the diagnostic methodology of dry eye disease is critical for informing 

selection of the most suitable outcome measures and endpoints for clinical trials and 

epidemiological studies, an issue which has been highlighted in the contemporaneous 

literature.2,38,39,128,129 In addition, it informs guidelines for the screening and diagnosis of dry 

eye disease, as well as monitoring of disease progression and response to therapeutic 

management strategies in the clinical setting.38,39 The objectives of the diagnostic accuracy 

studies presented in Chapter 3 were to explore significant gaps in the contemporaneous dry eye 

diagnostic methodology literature, through the assessment of the diagnostic performance of 

clinical tests of dry eye disease using the global consensus TFOS DEWS II criteria as the 

reference standard,38 as well as the empirical determination of optimal diagnostic thresholds. 

 

The updated global consensus definition requires the presence of both clinical signs and 

symptoms for the diagnosis of dry eye disease to be made,34 and validated questionnaires are 

frequently used to screen for dry eye symptoms prior to the evaluation of clinical tear film 

homeostasis markers.38 Although a large number of instruments are currently 

available,38,81,103,114-116 there is considerable variation in the emphasis on ocular symptomology, 

visual function, and quality of life measures between questionnaires, and it remains yet to be 

established whether this might influence the comparability of these diagnostic instruments. The 

diagnostic accuracy study presented in Section 3.1 was the first to offer a direct comparison of 

five commonly used validated dry eye symptomology questionnaires within the same study 

population. The results demonstrated that the OSDI and SANDE questionnaires demonstrated 

superior diagnostic ability than the SPEED, DEQ-5, and McMonnies Dry Eye questionnaires, 

although the empirically determined diagnostic thresholds for all validated symptomology 

questionnaires were similar to those previously established in the literature.38,81,103,114-116 These 

findings differ slightly from the recommendations of the TFOS DEWS II reports, which 

selected the DEQ-5 and OSDI as the validated questionnaires of choice for assessing dry eye 

symptomology.38 Moreover, the study findings highlighted that the OSDI and DEQ-5 were not 

directly comparable, and would suggest that interchangeable use of only one of either 

questionnaires, as permitted by the TFOS DEWS II diagnostic battery,38 might lead to 
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inconsistent dry eye disease classification, and future diagnostic criteria devised may benefit 

from the selection of a single validated symptomology questionnaire only. Over the past 

decade, there has also been a growing movement towards patient-centred outcomes research 

across a wide range of medical disciplines,305-308 and a recent Delphi Survey of patients with 

dry eye disease indicated a heavy emphasis on clinical symptoms and quality of life among 

patient-important outcomes identified.128 However, it was also noted that quality of life 

outcomes were only explicitly evaluated in less than 10% of existing dry eye studies,128 

although it is acknowledged that some of the existing validated symptomology questionnaires, 

including the OSDI, do provide some degree of assessment of the impacts of dry eye disease 

on visual function and quality of life.38,114 A number of instruments for evaluating dry eye-

specific quality of life have also been recently developed, including the Dry Eye-Related 

Quality-of-Life Score and the Impact of Dry Eye on Everyday Life questionnaires,298,299 

although future studies are required to evaluate their discriminative abilities and diagnostic 

agreement with validated symptomology questionnaires and clinical tear film homeostasis 

markers before their routine incorporation into diagnostic criteria, and/or as outcome measures 

of epidemiological studies and clinical trials, can be considered. The potential development 

and validation of hybrid questionnaires incorporating a greater number of items pertaining to 

dry-eye specific quality of life measures than existing validated symptomology questionnaires 

might also be considered in the future research, to provide a more balanced and holistic 

assessment of the patient experience of dry eye disease. 

 

The contemporaneous understanding of the pathophysiology of dry eye disease highlights the 

critical role of the vicious circle perpetuated by tear film instability, hyperosmolarity, ocular 

surface inflammation and damage,21,41 and these central hallmarks are commonly assessed 

when diagnosing the condition and monitoring disease progression and therapeutic response, 

as well as forming the clinical tear film homeostasis markers arm of the global consensus TFOS 

DEWS II diagnostic battery.38 Although tear film stability has traditionally been measured 

using fluorescein breakup time, there has been growing evidence to suggest that topical 

instillation of sodium fluorescein can lead to artificial destabilisation of the tear film and 

shortened breakup time.83,309 The results of the randomised crossover study reported in Section 

3.2 confirmed that conventional fluorescein tear film breakup time measurements were 

significantly shorter and demonstrated poorer discriminative ability than automated non-

invasive tear film stability measurements obtained from the Oculus Keratograph, and would 

support the TFOS DEWS II recommendations of using non-invasive instruments wherever 
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possible.38  However, the study was also the first to demonstrate that the empirically determined 

diagnostic threshold for fluorescein breakup time (≤5s) was lower than non-invasive 

Keratograph breakup time (≤9s), and these findings contrast with the TFOS DEWS II 

recommendations of applying the same diagnostic cut-off (<10s) for both fluorescein and non-

invasive methods.38  Subsequent studies conducted have reported that non-invasive breakup 

time measurements obtained from different instruments are not directly interchangeable, while 

empirical evaluation of optimal diagnostic thresholds have also identified instrument-specific 

cut-off values.310,311 Moreover, tear film stability measurements have also been noted to vary 

with different environmental conditions, including ambient temperature and humidity.312,313 

Although it would unlikely be practicable for tear film stability measurements to be conducted 

in strict standardised environmental conditions in the clinical setting, being cognisant of the 

potential variability by recording the instrument used as well as the room temperature and 

relative humidity might be prudent. Further research is required to investigate whether it might 

be practical to develop and validate correction formulae for non-invasive breakup time 

measurements conducted using different instruments and accounting for the effects of 

environmental temperature and humidity. 

 

Absolute tear osmolarity and inter-ocular variability have previously been reported to 

demonstrate correlation with other clinical dry eye signs and symptoms,38,84,85,125,314-316 and the 

assessment of both are recommended as part of the global consensus TFOS DEWS II criteria.38 

However, earlier studies have reported a wide range of diagnostic thresholds for tear 

osmolarity, ranging from 305 to 316 mOsm/L,3,84,314,316,317 while the discriminative ability 

optimal threshold for inter-ocular variability has not previously been assessed. The diagnostic 

accuracy study presented in Section 3.3 was the first to compare the diagnostic profile of 

absolute tear osmolarity and inter-ocular variability measurements obtained from the TearLab 

Osmolarity System, and the findings showed that absolute measurements demonstrated greater 

diagnostic accuracy than inter-ocular variability. Although the empirically determined 

diagnostic threshold for tear osmolarity (≥308mOsm/L) was consistent with the TFOS DEWS 

II recommendations, the optimal cut-off for inter-ocular variability in osmolarity 

(≥10mOsm/L) was slightly higher than the global consensus threshold (>8mOsm/L). In 

addition to the TearLab Osmolarity System, a number of other clinical osmometers are also 

currently available, including the Wescor 5520 Vapro Pressure Osmometer and i-Med Pharma 

i-Pen, although recent studies have reported varying degrees of repeatability of these 
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devices,318-321 and future research are required to evaluate their comparative discriminative 

performance and empirically determine optimal diagnostic thresholds. 

 

Ocular surface staining represents epithelial compromise, and while corneal staining has 

traditionally been used as a clinical indicator to assess dry eye severity,38,125 the evaluation of 

lid wiper epitheliopathy has gained traction only more recently.38,126 Although assessment of 

both markers is recommended as part of the global consensus TFOS DEWS II criteria,38 their 

comparative diagnostic performance has not previously been examined. The diagnostic 

accuracy study reported in Section 3.4 is the first to compare the discriminative ability of lid 

wiper epitheliopathy and corneal staining in detecting other clinical markers of dry eye disease, 

and the results highlighted that lid wiper epitheliopathy exhibited superior diagnostic 

performance than corneal staining and was an earlier clinical sign in the natural history of dry 

eye disease development. These findings support the TFOS DEWS II recommendations for the 

routine incorporation of lid wiper epitheliopathy into dry eye disease assessment algorithms,38 

although recent studies have suggested that the assessment of lid wiper epitheliopathy can be 

impacted by multiple lid eversion and repeat administration of ocular dyes,322-324 and future 

studies are required to confirm the optimal techniques for assessing lid margin staining. In 

addition, a further study demonstrated that subjective assessment of lid wiper epitheliopathy 

demonstrates tendency for overestimation when compared to semi-objective automated 

measurement of manual delineated staining regions on high resolution imaging,325 and further 

research to develop and validate automated analysis of lid margin staining images might help 

to enhance accuracy and repeatability. Consistent with the trends reported in earlier 

studies,38,125 corneal staining was demonstrated to lack discriminatory power in mild-to-

moderate dry eye disease in the current study, and was a clinical sign indicative of more severe 

disease. The global consensus TFOS DEWS II criteria does not currently provide severity 

stratification among those diagnosed with dry eye disease, and future diagnostic criteria 

devised might benefit from reserving the assessment of corneal staining for the classification 

of moderate-to-severe disease, given the poor discriminative ability of corneal staining in mild-

to-moderate disease. 

 

Etiologically, dry eye disease is frequently divided into aqueous tear deficiency and 

evaporative disease,34 and subtype classification testing is particularly useful in the clinical 

setting to facilitate the selection of more specific and targeted management strategies that can 

be tailored towards the locus of an individual patient within the disease spectrum.14 Tear 
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meniscus height measurement is recommended by the TFOS DEWS II reports for the 

assessment of aqueous tear deficiency,38 and although a number of markers for meibomian 

gland dysfunction are currently available for the evaluation of evaporative dry eye disease, the 

comparative diagnostic profile of these parameters has not previously been evaluated.38,87 The 

diagnostic accuracy study presented in Section 3.5 was the first to compare the diagnostic 

profile of clinical markers of meibomian gland dysfunction, and showed that the optimal 

diagnostic thresholds for tear film lipid layer grade, expressed meibum quality, meibomian 

gland dropout and capping, and eyelid margin telangiectasia were similar to the recommended 

cut-offs proposed by the TFOS DEWS II and the International Workshop on Meibomian Gland 

Dysfunction.38,87 However, the specificity values of meibomian gland dysfunction markers for 

detecting dry eye disease were relatively modest, and would add further weight to the TFOS 

DEWS II recommendations which require diagnostic evaluation of global markers of dry eye 

disease to precede evaporative subtype classification testing.38 More recently, a number of 

methods for automated quantitative measurements of lipid layer interferometry and infrared 

meibography imaging, with and without the use of deep learning algorithms, have been 

developed,38,326-328 and further research is required to validate and compare their discriminative 

performance. In addition, there has been growing interest in the potential prognostic and 

diagnostic utility of meibomian gland morphology patterns, including gland shortening and 

tortuosity, 136,172,174,179,180 and future diagnostic accuracy and longitudinal studies are required 

to evaluate their discriminative and predictive abilities. 

 

It is acknowledged that in multiple resource and time-constrained settings, it might not always 

be practicable to perform the full TFOS DEWS II diagnostic battery, which requires the 

availability of several diagnostic instruments and ocular dyes.38 The diagnostic accuracy study 

presented in Section 3.6 demonstrated that a rapid non-invasive assessment algorithm, 

consisting of the SANDE questionnaire, non-invasive tear film breakup time, tear film lipid 

layer grade, and tear meniscus height assessment, exhibited high diagnostic agreement to the 

TFOS DEWS II criteria. The rapid non-invasive assessment algorithm can serve as a useful 

abbreviated screening instrument for the full TFOS DEWS II diagnostic test battery, especially 

in resource or time-constrained contexts, such as clinical studies with a large number of 

intermediate time points between baseline and primary endpoint follow-up visits, or screening 

a large population of potential study participants for suitable subjects prior to conducting the 

full assessment for enrolment eligibility. The rapid non-invasive assessment algorithm was 
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subsequently utilised in the Dunedin Multidisciplinary Health and Development Study,329 as 

described in Section 4.1. 

 

The diagnostic accuracy studies presented in Chapter 3 are not without limitations. It is 

acknowledged that the study populations recruited consisted predominantly of European and 

East Asian participants, which might introduce selection bias, and further studies in other 

populations worldwide are required to investigate whether the discriminative performances of 

clinical dry eye tests and empirically determined optimal diagnostic thresholds might differ 

between different populations. The eligibility criteria of the studies also required participants 

to have no major uncontrolled systemic disease, no previous ophthalmic surgery, and no use 

of topical or systemic medications known to affect the eye within three months prior to study 

participation, and it remains uncertain whether this might affect the applicability of the findings 

reported to patients with secondary and iatrogenic dry eye conditions excluded by the eligibility 

criteria. In addition, with the exception of tear osmolarity measurements, clinical parameters 

were assessed in the right eye of participants only, and it is possible that this might have 

contributed to a degree of underdiagnosis of dry eye disease, although this effect would not be 

expected to be marked in the context of dry eye disease, which is typically bilateral and 

relatively symmetrical.38 Nevertheless, future studies are required to confirm whether bilateral 

assessment of ocular surface parameters would be beneficial, and to explore the potential 

diagnostic utility of aggregate measures such as inter-ocular variability or maximum 

measurements for ocular surface parameters other than tear osmolarity. 

 

Overall, the findings of the diagnostic accuracy studies of this doctoral thesis largely supported 

the recommendations made by the TFOS DEWS II reports. Individual clinical tests, including 

validated symptomology questionnaires, tear film stability, osmolarity measurements, ocular 

surface staining, and meibomian gland dysfunction markers, demonstrated modest to moderate 

diagnostic accuracy for detecting dry eye disease as defined by the global consensus TFOS 

DEWS II criteria. A non-invasive rapid screening algorithm was developed and exhibited high 

diagnostic agreement with the TFOS DEWS II criteria, showing promise as a useful screening 

instrument in resource or time-constrained settings. In the context of the ever-evolving nature 

of research in dry eye disease, and the advent of newly developed diagnostic technologies, 

future studies will, undoubtedly, be required to evaluate the discriminative performance of 

these novel techniques, as well as the empirical determination of optimal diagnostic 

thresholds.1,38 Moreover, the need for the development of core outcome sets for clinical trials 
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for dry eye disease have also been highlighted in the contemporaneous literature, and will likely 

require multi-stakeholder consensus development between patients, clinicians, academics, 

industry, and regulators to enhance comparability between clinical studies and facilitate 

evidence synthesis.128,129  
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5.2. Epidemiology 

 

Epidemiological evidence of potential drivers and risk factors of dry eye disease can provide 

further insight into the underlying pathophysiological mechanisms, and inform hypothesis 

generation for the development of future therapeutic strategies.2,14,21 An understanding of 

disease prevalence patterns and associated risk factors offers valuable contextual background 

to clinicians, policy makers, and other relevant stakeholders involved in screening and 

assessing of dry eye disease at an individual and population level.2 Knowledge of modifiable 

risk factors can inform potential management strategies for preventing the development or 

progression of the condition, and provide preliminary steps towards developing public health 

intervention strategies.2,14 The objectives of the studies presented in Chapter 4 were to address 

a number of the major gaps in the contemporaneous dry eye epidemiological literature, and 

investigate the population prevalence, modifiable and non-modifiable risk factors, and natural 

history of dry eye disease in epidemiological studies based in the Southern Hemisphere. 

 

Currently, there is a significant paucity of dry eye epidemiological data from the Southern 

Hemisphere,2 and there have been no previous population-based prevalence studies from New 

Zealand. The cross-sectional study reported in Section 4.1 assessed the prevalence and sex 

differences of dry eye disease in a population-based cohort of 45-year old New Zealanders 

recruited from the Dunedin Multidisciplinary Health and Development Study. The results 

showed that clinical dry eye signs were present in almost half of the population-based cohort, 

although only 9% of participants fulfilled the diagnostic criteria for dry eye disease. Consistent 

with the trends reported in earlier studies,2,35,141,145 the results of the current study also 

demonstrated that females were more likely to be affected by dry eye disease, meibomian gland 

dysfunction, and asymptomatic ocular surface disease. Overall, the population prevalence of 

dry eye disease reported in the current cohort was on the lower end of the spectrum of 

prevalence rates reported from populations around the world of similar age,2,132-135 and might 

partially reflect the predominantly New Zealand European ethnic composition of the South 

Island-based study cohort, although the significant heterogeneity in disease definition and 

diagnostic criteria used in previous studies are also likely to contribute.2,27,72,137 Further studies 

across a wider range of age groups from population-based cohorts from both the South Island 

and the more ethnically diverse North Island are required to allow for more comprehensive 

characterisation of the population burden of dry eye disease in New Zealand. Moreover, it is 
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hoped that future follow-up of the Dunedin Multidisciplinary Health and Development Study 

cohort over the following decades will also provide longitudinal data allowing for assessment 

of population incidence rates and investigation of the natural history of dry eye disease 

progression. However, the considerable population prevalence of asymptomatic ocular surface 

disease detected in the current study may represent an opportunity for preventative public 

health interventions,2,14 and the identification of potential risk factors that might be amenable 

to modification are further investigated in the studies presented in Sections 4.5 to 4.9. 

 

To date, there has been limited investigation of the natural history of dry eye disease 

development in the contemporaneous literature.2 The studies reported in Sections 4.2 to 4.4 

assess the impacts of ageing and ethnicity on the natural history of dry eye disease 

development, as well as the potential role of incomplete blinking as an etiological driver. The 

cross-sectional study presented in Section 4.2 highlights that advancing age is a significant risk 

factor for dry eye disease, which represents a growing public health concern with the ageing 

population worldwide.2,21,26,28,29 Signs of meibomian gland dysfunction were noted to appear 

earlier in the natural history of disease progression, and the brief delay prior to the development 

of other clinical dry eye signs might represent a window of opportunity for screening and 

preventative intervention in the young adult age group.2,14,27,71 The pooled analysis reported in 

Section 4.3 confirmed that Asian ethnicity is a non-modifiable risk factor for the development 

of dry eye disease. The results suggested that the Asian ethnic propensity to dry eye disease 

was likely driven by anatomical differences in orbital structure, that predispose to increased 

eyelid tension, incomplete blinking, and meibomian gland dropout.71,136,154-157,161 Ethnic 

differences in these etiological drivers become apparent by the young adult age group, prior to 

the manifestation of ethnic disparities in global signs and symptoms of dry eye disease in the 

middle adult age group. The cross-sectional study presented in Section 4.4. demonstrated that 

the presence of incomplete blinking was associated with a two-fold increased risk of dry eye 

disease. The poorer levels of meibomian gland dropout, expressed meibum quality, and tear 

film lipid layer thickness observed would suggest that incomplete blinking may predispose 

towards the development of evaporative dry eye disease.21,71,164,165 The cross-sectional design 

is recognised to be a limitation of the studies presented in Sections 4.2 to 4.4, and it is 

acknowledged that differences in cumulative exposure to lifestyle factors, such as digital screen 

use, might differ by age group due to technological advancements, which might potentially 

confound the trends noted in association with advancing age and would warrant caution when 

interpreting the findings reported. Future population-based longitudinal studies tracking the 
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same study cohort over an extended period of time are therefore required to confirm the trends 

reported in these studies, and to further characterise the natural history of dry eye disease 

development. However, some degree of control over cumulative lifetime climate and 

environmental exposures were achieved in the studies presented in Sections 4.2 to 4.4, with the 

eligibility criteria requiring participants to have resided in Auckland for at least 15 years, or be 

New Zealand-born Auckland residents for those less than 15 years of age. These restrictions 

therefore allowed for direct inter-ethnic comparisons to be made, while attempting to minimise 

the potential confounding impacts of different cumulative environmental exposures, which was 

not previously possible when comparing findings from geographically disparate populations 

reported in previous studies.2 However, the effects of lifetime climate and environmental 

exposures on the development of dry eye disease remains yet to be established, and future age, 

sex and ethnicity-matched case control studies comparing cohorts based in different countries 

are required to examine these potential effects. Nevertheless, the findings of the studies 

reported in Section 4.2 to 4.4 highlight that clinical signs of etiological drivers of dry eye 

disease, including incomplete blinking and meibomian gland dysfunction, appear earlier in the 

natural history of dry eye disease progression. Moreover, the transient delay prior to the 

development of other clinical signs and symptoms of dry eye disease, together with the 

significant population prevalence of asymptomatic ocular surface disease reported in Section 

4.1, would represent a window of opportunity for targeted screening and preventative 

intervention in the young adult age group.2,14,27,71 Preliminary evidence have suggested that 

blinking training demonstrates promise in modifying poor blinking patterns, improving dry eye 

symptomology and tear film quality,330 although future long term prospective studies are 

required to assess the potential prophylactic efficacy of blinking training in preventing the 

development of meibomian gland dysfunction and dry eye disease. Although simple 

therapeutic treatments including heat therapy, eyelid hygiene, and mechanical expression of 

meibum have been previously reported to demonstrate therapeutic benefits in improving 

clinical signs and symptoms among patients with evaporative dry eye disease, 14,27,107,143 their 

long term prophylactic efficacy for preserving meibomian gland function and halting the 

development from asymptomatic ocular surface disease to dry eye disease have not yet been 

established and would warrant investigation in future research.  

 

The identification of systemic and lifestyle risk factors for dry eye disease has received 

considerable interest in recent years, on account of the potential to inform public health and 

preventative interventions through targeted screening and risk factor modification.2,78,79 
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Indeed, as highlighted by Section 4.2 and a number of previous studies, the financial and public 

health burden of dry eye disease has been projected to rise with the ageing population,2,21,26 

and preventative intervention efforts has been suggested to be more cost effective than disease 

treatment at the population level.2,14,25 Although a large number of potential systemic and 

lifestyle risk factors of dry eye disease has been previously raised, many have been classified 

as probable or inconclusive on the basis of inconsistent findings being reported in the 

contemporaneous scientific literature,2,78,79 highlighting the ongoing need for epidemiological 

research to clarify these associations. The studies presented in Sections 4.5 to 4.9 sought to 

investigate the impacts of systemic and lifestyle factors on the development of dry eye disease. 

The cross-sectional study reported in Section 4.5 showed that aqueous tear deficiency was 

associated with systemic rheumatologic disease and antidepressant medication, while risk 

factors for meibomian gland dysfunction included migraine headaches, thyroid disease, and 

oral contraceptive therapy. The findings would support routine systemic inquiry incorporating 

dry eye disease and associated systemic conditions and medications, in order to facilitate 

opportunistic screening and timely inter-disciplinary referral for the optimisation of modifiable 

systemic factors, such as disease activity and medication use, where necessary.14,38 The 

retrospective analysis presented in Section 4.6 found that symptoms of xerostomia and dry eye 

were fairly common in a cohort of community-dwelling older adults. The positive association 

between the two types of sicca symptoms would support the routine evaluation of xerostomia 

symptomology as part of the systemic inquiry when assessing dry eye patients, and vice versa, 

on account of the potentially profound impacts on quality of life and functionality.8-

10,33,223,225,226 The cross-sectional study reported in Section 4.7 showed that increased digital 

screen exposure time was a significant risk factor of dry eye disease, while caffeine 

consumption was a protective factor. These findings might contribute to informing the design 

of future prospective research investigating the efficacy of preventative intervention and risk 

factor modification strategies.14 In addition, future research is also required to inform 

recommendations surrounding the optimal limits on digital screen exposure time, as well as the 

incorporation of blinking training, to prevent the development and/or progression of dry eye 

disease. The literature review presented in Section 4.8 highlighted the adverse impacts of the 

peri-ocular migration and contamination of eye cosmetic products on tear film function and 

ocular comfort, as well as the potential for eye cosmetic wear to compromise the efficacy of 

treatments for dry eye disease. The cross-sectional study reported in Section 4.9 demonstrated 

that dry eye disease is associated with poorer self-perceived health status and greater self-

reported psychological stress burden. These results highlight the wide-reaching impacts of dry 
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eye disease,2-10 and the importance of minimising the impacts of the condition with optimised 

management, as well as actioning inter-disciplinary referral where necessary. A number of 

methodological limitations are recognised to exist for the epidemiological studies presented in 

Sections 4.5 to 4.9. The open advertisement recruitment to a single university centre may be 

associated with an element of selection bias as well as volunteer bias, which might contribute 

to a higher than expected prevalence rate of dry eye disease among the study cohorts recruited. 

However, it is noted that the study cohorts recruited comprised generally healthy community 

residents, as opposed to hospital-based convenience samples of clinic patients. In addition, the 

sample sizes of the study cohort were relatively modest, and some of the wider confidence 

intervals for the effect estimates might have reflected the lower population prevalence of the 

certain risk factors investigated, which is acknowledged to be associated with the potential 

limitations of decreased study power. Future population-based epidemiological studies with 

larger sample sizes are required to confirm the trends reported in the current studies, and to 

provide further characterisation of the impacts of systemic and lifestyle factors on the 

development of dry eye disease. In addition, there remains a significant paucity of literature 

evaluating the prophylactic and therapeutic efficacy of risk factor modification of lifestyle 

factors on halting the development and progression of dry eye disease, which warrants 

investigation in future prospective studies. 

 

Overall, the findings of the epidemiological studies of this doctoral thesis highlighted a number 

of risk factors for dry eye disease, including advancing age, female sex, Asian ethnicity, 

incomplete blinking, systemic rheumatologic disease, xerostomia, migraine headaches, thyroid 

disease, antidepressant medication, oral contraceptive therapy, digital device screen exposure 

time, and eye cosmetic wear. Caffeine consumption was identified to be a protective factor. 

Dry eye disease was associated with poorer self-perceived health status and increased 

psychological stress burden. Further research in other populations worldwide are required to 

confirm the trends observed in these studies. The identification of modifiable and non-

modifiable risk factors might contribute to the design of future research investigating 

population screening, risk factor modification, and preventative intervention strategies for dry 

eye disease.2,14 
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5.3. Epilogue 

 

Dry eye disease is an area of research that has been emerging as a rapidly evolving scientific 

field, and there has been an exponential growth in interest in the academic literature in recent 

years.1,33 However, despite affecting more than 334 million patients worldwide,1,2 many 

aspects of the condition remain incompletely understood. This doctoral thesis has contributed 

to advancing knowledge in two of the significant gaps of the contemporaneous literature, by 

improving understanding of the natural history and risk factors of dry eye disease, as well as 

evaluating the performance and empirically determining optimal thresholds for diagnostic tests 

used in clinical practice. It is hoped that the integration of the outcomes of works such as this, 

along with further research which seeks to improve knowledge in areas such as the prevention 

and management of dry eye disease, can lead to clinical developments that will improve the 

quality of life for patients that are affected by this chronic debilitating condition.  
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