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Abstract 
Purpose: Inflammation plays a key role in the development and propagation of dry eye disease (DED). 

Clinically confirming the presence of inflammation to justify anti-inflammatory therapy remains 

challenging. This study sought to explore levels of agreement between clinical tests of inflammation and 

the diagnostic utility of clinical markers of inflammation relative to laboratory markers. 

Methods: Participants (n=53), with or without DED, underwent clinical evaluation of inflammation via 

subjective and automated objective bulbar conjunctival hyperaemia assessment with clinical grading 

scales and the Oculus Keratograph 5M respectively; the InflammaDry® test; and the Tearcheck® Ocular 

Surface Inflammation Evaluation (OSIE®). Conjunctival impression cytology samples underwent droplet 

digital PCR to quantify gene copies of MMP-9, IL-8 and IL-1β. Inter and intra observer agreement in 

clinical grading was also evaluated, and the diagnostic utility of clinical inflammation tests and DED 

markers assessed relative to laboratory markers.  

Results: Data suitable for laboratory analysis was obtained from 47 participants (79% female, median 

age 58 (22-82); 37 with DED). MMP-9 levels were positively associated with DED severity. Subjective 

and objective conjunctival hyperemia grading, and positive InflammaDry® outcomes were predictive of 

elevated MMP-9 levels (all p<0.05). Of the DED diagnostic markers and subclassification tests, tear film 

stability (with diagnostic cut off of <5.7 s), symptom scores (with cut offs of >9 for DEQ-5 and >33.3 for 

OSDI), and a thin lipid layer (grade ≤ 2) best predicted elevated MMP-9 (p<0.05). Elevated IL-8 and IL-1 

levels could not be predicted from clinical tests. Clinical grading scales were confirmed not to be 

interchangeable based on the levels of agreement. The VBR-5 grading scale aligned most closely with 

objective hyperaemia grades. 

Conclusion: Clinical ocular surface tests were poorly predictive of IL-8 and IL-1β levels, however clinical 

tests of inflammation were found to usefully predict elevated MMP-9 levels as an index of ocular surface 

inflammation. Results suggest some prediction was possible from clinical testing, but there was limited 

agreement between test scores which indicates that current clinical tests of inflammation cannot be used 

interchangeably. More research is required to define diagnostic cut offs for use in guiding treatment in 

different subtypes of DED.  
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Chapter 1. Overview of Dry Eye Disease 
Dry eye disease (DED) is a complex, multifactorial condition, resulting in the loss of homeostatic 

mechanisms of tear film maintenance and the ocular surface, as defined by the Tear Film and Ocular 

Surface Society Dry Eye Workshop II (TFOS DEWS II) (3). Ocular symptoms of DED include chronic 

irritation, discomfort, grittiness, and visual disturbance (3). 

The literature regularly reports the effect of DED on quality of life through ocular discomfort and 

impediment to visual function. The chronic and progressive nature of DED affects the ability to undertake 

daily activities such as computer use, reading, driving, smartphone use, and watching the television, and 

impacts on work productivity are frequently associated with DED (4-10). DED is one of the most 

commonly encountered eye conditions in clinical practice, affecting between 5 and 50% of the population 

in different parts of the world (9, 11, 12). The direct economic burden of patients seeking clinic visits, 

medications, and other treatment interventions, in addition to the indirect costs from decreased work 

productivity, reduced quality of life and impairment of performing daily living tasks, make DED a 

significant global public health and financial burden (5, 6, 9, 12). Studies report that the prevalence of dry 

eye is rising in all age groups (6, 12), with signs and symptoms of DED increasing with age. Extended 

digital device use is increasingly recognised as a consistent risk factor for DED (6, 13, 14); therefore, the 

modern world’s growing reliance on screens across all age groups is projected to amplify the public 

health and financial burden of DED in future years (6, 12). 

Epidemiological research provides critical prevalence and incidence data across different populations, 

which can highlight the magnitude of the DED public health burden. Some studies advocate for improved 

resources in providing public health interventions at the population level, which may potentially be more 

cost-effective than subsequently providing treatment (6). Identifying modifiable and non-modifiable risk 

factors for DED can inform the development of public health strategies, including targeted screening, risk 

factor modification and health promotion interventions, to improve public and practitioner awareness of 

DED (15). 
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1.1 Subtypes of Dry Eye Disease 

The tear film can be divided into two phases, an mucoaqueous phase and an overlying lipid layer (16, 

17). The mucoaqueous phase is located immediately adjacent to the glycocalyx of the epithelial surface 

of the eye, and possesses a decreasing mucous gradient and increasing aqueous gradient from the 

epithelium towards the lipid layer. The tear film lipid layer is situated most anteriorly, with its exterior 

surface exposed to the atmosphere.  It is derived from meibum secreted from the orifices of the 

meibomian glands that open onto the lid margin, and it is spread over the tear film surface with each blink 

(17). Homeostatic mechanisms tightly control the balance of these layers to provide a lubricated surface 

for the cornea, ensuring clear vision.  

When homeostasis is disrupted, ocular surface diseases such as dry eye can occur. DED can be divided 

into two subtypes; evaporative dry eye (EDE) and aqueous deficient dry eye (ADDE). EDE is the 

predominant subtype where excessive tear evaporation occurs in the presence of normal lacrimal gland 

function. EDE is often caused by meibomian gland dysfunction, resulting from lipid insufficiency that 

results in an inadequate tear film quality (10, 18). Conversely, ADDE describes a lack of aqueous tear 

fluid due to dysfunction of the lacrimal gland (3, 18). Regardless of subtype, failure of homeostatic 

mechanisms at the ocular surface result in tear hyperosmolarity and tear film instability, initiating an 

inflammatory cascade and subsequent ocular surface damage, described as a self-perpetuating vicious 

circle of DED (18). Aqueous deficiency can coexist with evaporative dry eye, often resulting in a more 

severe DED (3, 10, 19).  

 

1.1.1 Evaporative DED 

Meibomian gland dysfunction (MGD) is recognised to be the most common cause of evaporative 

DED (20). It results in decreased functionality of the glands and gland drop-out, with subsequent 

production of poor quality and quantity of meibum (21). Various factors can cause the ocular surface 

microbiome to promote commensal bacteria such as Staphylococcus aureus that overpopulate the lid 

margins. S.aureus produces lipases that cleave lipid into altered species such as free fatty acids, which 

can present as foaminess in the tear film due to saponification (22-25). The altered lipid layer results in 

tear instability and evaporation (26). Risk factors for MGD include increased age, contact lens use, 
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incomplete blinking, environmental stress, hormonal factors and systemic medications (12, 18, 27, 28). 

Many of these factors have been shown to alter meibomian gland cellular differentiation, and functionality 

including lipid-producing abilities, believed ultimately to result in meibomian gland atrophy due to loss of 

function (29).  

 

1.1.2 Aqueous deficient Dry Eye Disease 

ADDE is divided into two subgroups, Sjögren’s syndrome dry eye disease (SSDE) and non-Sjögren’s 

syndrome dry eye disease (non-SSDE) (30). In both cases, there results a lack of aqueous component in 

the tear film, usually on account of dysfunction in the lacrimal glands, the primary source of the tear 

aqueous component. Sjögren’s syndrome (SS), is an autoimmune condition, characterised by 

lymphocytic infiltration of the lacrimal and salivary glands. The American-European consensus criteria for 

SS has six components, that allow a combination of DED signs, DED symptoms, dry mouth signs, dry 

mouth symptoms, autoantibodies and a minor salivary gland biopsy (31) to be considered in making a 

diagnosis. Primary SS is diagnosed where dry eye and dry mouth exist in the absence of any other 

systemic autoimmune disease (32) and has been attributed to previous Ebstein-Barr virus, hepatitis C 

virus and human T cell leukaemia virus type I infection, although the pathophysiology is not yet clear (33). 

Secondary SS describes manifestation of the ocular and oral features in the presence of autoimmune 

connective tissue diseases, such as rheumatoid arthritis (30).  

Non-SSDE related aqueous tear deficiency results from non-Sjögren’s infiltrative disorders of the lacrimal 

gland, and cicatricial diseases of the conjunctiva (32). Another distinguishing factor between the two 

subcategories is the severity of clinical presentation. SS ADDE typically presents with higher severity of 

disease signs and symptoms than non-SSDE (19). 

 

1.2 Diagnostic criteria for dry eye disease 

The diagnostic criteria for DED and the ensuing classification of subtypes are outlined in Figure 1, as 

described by TFOS DEWS II (2). Triaging questions help differentiate patients with irritation symptoms 

arising from conditions masquerading as DED, and this is followed by a risk factor assessment. 

Diagnostic criteria must include a positive symptomology score based on one of the validated 
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questionnaires; either the Dry Eye Questionaire-5 (DEQ-5) or Ocular Surface Disease Index (OSDI), and 

the presence of at least one sign of ocular surface homeostasis breakdown. Ocular signs include one or 

more of the following; a decreased non-invasively tested tear break-up time (<10s), increased osmolarity 

of the tears ≥308 mOsm/L or an interocular difference in osmolarity of >8 mOsm/L, or ocular surface 

staining of one of the following; fluorescein staining of >5 corneal spots, lissamine green staining of >9 

conjunctival spots or of the lid wiper portion of the eyelid margin (≥2mm length and ≥25% width) (2). Once 

a DED diagnosis is confirmed, further diagnostic tests are carried out to determine the subtype of DED to 

help guide management plan for the patient. 

 

Figure 1. Simplified figure outlining the criteria for diagnosis and subtype classification of DED, adapted 

from TFOS DEWS II Diagnostic Methodology report (19). 0F

1  

 

1.3 Pathophysiology of DED 

Tear film and ocular surface homeostasis is tightly regulated in the healthy eye. Homeostasis is 

maintained across the lacrimal functional unit, which involves the ocular surface, neuronal 

interconnectivity, lacrimal glands, eyelids, meibomian glands and the tear film (18, 32, 34). When 

morphology or functionality of these structures is disrupted, resulting instability of the tear film drives 

hyperosmolarity, and an inflammatory cascade is initiated, serving as a critical driver of disease 

progression that leads to self-perpetuating DED (34). According to TFOS DEWS II, the current threshold 

 
1 Abbreviations. Ocular surface disease index (OSDI), Dry eye questionnaire (DEQ-5), Evaporative dry 

eye (EDE), Aqueous deficient dry eye (ADDE) 

 



17 

 

for discriminating between normal and dry eyes is a hyperosmolarity of at least 308 mOsm/L in either eye 

or an interocular difference of greater than 8 mOsm/L. Values above 316 mOsm/L are considered 

indicative of moderate-to-severe DED (18). The self-perpetuating vicious circle of inflammation and 

cellular damage that ensues, leads to the signs and symptoms commonly observed in chronic DED. Any 

entry point on this circle promotes disruption of tear film homeostasis and propagation of the self-

perpetuating vicious circle, as depicted in Figure 2 (18, 34). 

  

Figure 2. Self-perpetuating vicious circle of DED adapted and simplified from the TFOS DEWS II 

pathophysiology report (18).  

 

1.3.1 Inflammation in DED 

Inflammation is a common feature of DED, regardless of subtype, and has been most researched to date 

in Sjögren’s syndrome due to the high inflammatory involvement in this autoimmune disease (35). The 

inflammatory drivers in DED differ depending on the subtype pathophysiology. Lacrimal infiltration of 

inflammatory cells and mediators has been conclusively demonstrated in Sjögren’s syndrome (18, 30, 

36). On the other hand, evidence suggests that disease aetiology in obstructive MGD centres around 

hyperkeratinisation of the duct and gland orifice, rather than to immune cell infiltration and cytokine 

proliferation of the meibomian glands and its structures (18, 37, 38). However, inflammation remains an 

important downstream feature of EDE, especially in more severe disease forms. It has been proposed 
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that despite evidence of inflammation in the meibomian glands, ocular surface inflammation can still exist. 

The lack of meibum due to blocked meibomian glands results in poor tear film instability, thus becoming 

an entry point to the vicious circle of DED (38), and triggering inflammation. Additionally, the over 

colonisation of commensal bacteria can result in abnormal meibum production, triggering the vicious 

circle (18). 

The initial inflammatory response arises from the innate immune system, involving epithelial cells, 

antigen-presenting cells (APC), neutrophils, natural killer cells, and mediators (18). Loss of goblet cells 

and surface bound mucins that form the glycocalyx, following the upregulation of inflammatory mediators, 

causes epithelial cell damage by apoptosis, with the resulting poor ocular surface quality leading to 

further tear film instability and hyperosmolarity, that thus perpetuates the disease state. APCs migrate to 

local lymph nodes, activating naïve T cells, and initiating the adaptive immune response (39).Continued 

ocular surface insult leads to chronic disease, typically accompanied by increasing severity of symptoms 

and signs in DED (32). 

 

1.3.2 Innate immunity of the ocular surface 

Our current understanding of the inflammatory cascade events in DED is based on evidence from tissue 

culture, animal model and human research studies. The self-perpetuating model of the vicious circle is 

implicated in all subtypes of DED, underlying both upstream and downstream inflammation (18, 40). 

Hyperosmolar stress on epithelial cells at the ocular surface initiates the activation of Nuclear Factor 

kappa-light-chain-enhancer of activated B cells (NFkB) signalling pathways and activation of mitogen-

activated protein (MAP) kinases (41). This serves to stimulate the production of interleukin-1 (IL-1), a pro-

inflammatory cytokine, and TNF-α, which acts to amplify the immune response downstream to activate 

further inflammatory mediators and cellular signals (18, 42). IL-1 and TNF-α stimulate the production of 

matrix metalloproteinase 9 (MMP-9), a protease produced by corneal epithelial cells that disrupts the 

corneal epithelial barrier by lysing tight junctions (18, 41, 42). Hyperosmolarity directly induces corneal 

epithelial cell death via apoptosis, resulting in a poor quality ocular surface that cannot support a stable 

tear film, further perpetuating the inflammatory cascade (18, 42). The complex interaction between 

upregulated inflammatory mediators results in an amplified response of the inflammatory cascade (42). 
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Further inflammatory pathways are initiated following desiccation of the ocular surface by pattern 

recognition receptors such as Toll-like receptors (TLR), nucleotide-binding domain leucine-rich-containing 

family, pyrin domain-containing-3 (NLRP3) and NOD-like receptors (NLR) to mediate cytosolic, 

inflammasome pathway inflammation, which together contribute to upregulating IL-1, TNF-α and IL-6 (18, 

42). 

Generated cytokines, chemokines, and MMPs stimulate migration of neutrophils and natural killer (NK) 

cells to attack the damaged cells. One defence mechanism of neutrophils against pathogens is to expel 

their DNA and cellular contents to create neutrophil extracellular traps (NETs). NETs have been shown to 

be present in higher than normal amounts in patients with severe ADDE (18, 43), possibly as a response 

to hyperosmolar stress, or due to a lack of availability of regulating tear nucleases which are normally 

produced by the lacrimal gland (18, 43). NK cells also directly attack damaged epithelial cells and secrete 

large amount of cytokines, including IFN-γ(44). Dry eye experimental models have shown upregulation of 

pro-inflammatory cytokines such as IFN-γ, IL-6, IL-17 and IL-23 (45). These cytokines stimulate the 

activation of macrophages, antigen-presenting cells (APCs) and auto-reactive T cells (18). 

 

1.3.3 Adaptive immunity of the ocular surface 

The adaptive CD4+ T-cell autoimmune response occurs following the maturation of dendritic cells that 

migrate to regional lymph nodes (18). Naïve T cells recognise the presented self-antigens, beginning 

differentiation and expansion into autoreactive T effector cells types; Th1, Th2, Th17 and T regulatory 

cells (18, 41, 44). The target autoantigen in this model of DED has not yet been identified (42). 

T helper 1 (Th1) and Th17 cells invade the ocular surface after their activation, secreting IFN-γ and IL-17, 

respectively.  

For the adaptive immune response to persist, recruitment of other inflammatory cells specific to the 

adaptive system is required, mediated through chemokines and adhesion molecules. Chemokines attract 

macrophages, dendritic cells, neutrophils, and activated T cells that display the respective upregulated 

chemokine receptors, including CCL3, CCL4, CCL5, CXCL9 CXCL10 and CX3CL1. Conjunctival and 

corneal epithelial cells express adhesion molecules such as the intercellular adhesion molecule-1 (ICAM-

1) to attract and bind inflammatory cells to the ocular surface. ICAM-1 binds to the ligan integrin leukocyte 
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functional antigen-1 (LFA-1) expressed on the inflammatory cells (18). Dysfunctional regulatory T cells 

(Tregs) have been induced in desiccation DE models, which have been associated with aging (46, 47). 

The hypothesis that immune tolerance is disrupted in DED is further demonstrated by the depletion of 

Treg cells exhibiting the CD4+CD25+Foxp3 phenotype, exacerbating DED (48). 

 

1.4 Biomarkers of ocular surface inflammation 

In this context of ocular surface inflammation, a biomarker is a specific, quantifiable protein in the tear 

fluid. Through its relative presence or absence, it allows insight into pathogenic processes in the ensuing 

inflammatory cascade. A biomarker can help determine the stage of the disease process and severity and 

be used to monitor treatment success. Efforts to identify potential biomarkers specific to ocular surface 

inflammation have so far resulted in variable success, which has been attributed to non-standardised 

methods of collection and analysis (49). Of the molecules that have been analysed, cytokines, 

chemokines and MMP-9 are the most studied biomarkers of inflammation (49-52). Panels of biomarkers 

have been recommended, indicating the complex nature of DED pathophysiology (53, 54). 

 

1.4.1 Cytokines and chemokines 

Cytokines are small proteins upregulated in inflammatory processes, serving as potent 

immunomodulators, and secreted by various cells (53). Chemokines are a type of chemotactic cytokine 

involved in the recruitment and migration of neutrophils and lymphocytes to the site of inflammation. They 

are favoured as the diagnostic biomarkers for many ocular surface diseases due to the minimally invasive 

collection and analysis methods associated with their quantification. A consensus is yet to be reached on 

the best method for tear collection and subsequent cytokine analysis, resulting in cytokine level norms 

and cut-off values varying greatly across the literature (55). Discrepancies in outcomes amongst different 

studies may also reflect the different disease stages and severities of the study cohorts analysed (56). 

Various cytokines and chemokines (particularly IL-8) have been reported to be raised in individuals with 

DED (35, 54, 57). Patients with Sjögren’s syndrome typically show higher levels of pro-inflammatory 

cytokines than other subtypes of DED (35, 57). Throughout the literature, pro-inflammatory cytokines IL-

1β, IL-6, IL-10, IFN-γ, TNF-α and the chemokine IL-8 (or CXCL8) have been reported to be consistently 
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higher in DED patients compared to normal controls (54, 55, 58-66). IFN-γ upregulates production of 

chemokines, chemokine receptors, human leukocyte antigen (HLA), cell adhesion molecules and inhibits 

secretion of mucins and promotes goblet cell apoptosis in the long term (67). 

Published studies generally concur that the levels of cytokines and chemokines increase as disease 

severity progresses (68, 69). Yoon et al. found that IL-6 was significantly increased in tears of patients 

with SSDE compared to the non-SSDE group, and levels were positively associated with disease severity 

(70). Additionally, Tan et al. concluded that the levels of IL-17 and IL-22 were significantly increased in 

tears of DE patients compared with those of controls and were higher in SSDE patients compared with 

those of non-SSDE patients (68). An increase in IL-1α and mature IL-1β has also been reported in 

patients with MGD and SSDE (71). Significant increases in cytokines IL-1β, IL-6, IL-8, TNF-α have been 

found by Boehm et al. for ADDE and mixed-type DED (72). Recently, Roda et al. conducted a meta-

analysis on DED cytokine biomarkers, finding higher levels of IL-1B, IL-6, chemokine IL-8, IL-10, IFN-γ 

and TNF-a in DED participants compared to non-DED controls across 13 studies (55). From this study, 

the evidence for increased IL-2 and IL-17 in DED was reportedly modest (55). Chan et al. investigated 

ocular cicatricial pemphigoid and the effect of immunomodulatory treatment. Resolution of IL-8 and MMP-

9 were identified as indicators of treatment success, signifying the end of active inflammation (73). 

Limitations of the studies comparing cytokine concentrations in DED vs control groups include differing 

diagnostic criteria for DED and variability in collection and testing methods, as well as the low sample size 

in some studies (35, 54, 61, 63-66, 68-70, 74-79).
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1.4.2 Matrix metalloproteinases (MMPs) 

MMP-3 and MMP-9 have been implicated in the innate inflammatory cascade following hyperosmolar 

damage to the overlaying epithelial cells. MMP-9 is a 23-zinc and calcium ion-dependent protease 

enzyme produced by epithelial cells in the cornea, and by neutrophils that degrade the epithelial 

basement membrane via degradation of collagen type IV and VII (80-82). MMP-9 has been shown to lyse 

epithelial tight junctions, breaching the seal of the ocular surface, resulting in increased permeability and 

further tear film instability due to a compromised epithelium (18, 42). 

In DED, the hyperosmolar environment on the corneal surface triggers the stress-activated protein kinase 

(SAPK) signalling cascade that leads to epithelial cells releasing MMP-9 (18, 51). Furthermore, 

inflammatory mediators such as IL-1β prompt local neutrophils to secrete MMP-9 in its proenzyme form, 

bound to endogenous tissue inhibitors of metalloproteinase (TIMP), which is sequentially activated by 

other proteinases (83). MMP-9, also known as gelatinase-B, is an important molecule involved in normal 

physiological tissue remodelling processes such as wound healing and bone development (83). 

MMP-9 is present in healthy individuals at a reference range of between 3 to 41 ng/ml; 90% of people 

within the normal range have MMP-9 levels less than 30ng/ml (64, 71, 82, 84-86). Elevated levels of 

MMP-9 have been implicated in various ocular surface diseases such as conjunctivochalasis, peripheral 

ulcerative keratitis, vernal keratoconjunctivitis, corneal erosions, rosacea, pterygium and keratoconus (80, 

82, 86-91). Mice with induced evaporative dry eye have shown increases in MMP-9 activity using gel 

zymography assays on tear fluid to assess active protease activity (92). Levels of MMP-9 mRNA were 

found to be increased in this same study (92). In humans, MMP-9 levels have also been shown to be 

elevated in cases of DED (18, 51). MMP-9 is secreted as an inactivated proenzyme, known as a 

zymogen, then activated by other proteases to its active gelatinase-B form. The mRNA expression of 

MMP-9, pre-transcription, can be quantified using semi-quantitative real-time PCR from impression 

cytology samples. The activated form can be quantified by zymography, using electrophoresis and 

western blotting techniques, immunohistochemistry, enzyme leak immunoassays, and MMP-9 capture 

activity measurements (93). Chotikavanich et al. demonstrated that both MMP-9 activity and mRNA 

transcripts were higher in patients with DED than in normal controls (85). MMP-9 levels in tears 

demonstrate diurnal variation which should be taken into consideration when using MMP-9 as a sole 

biomarker for ocular surface inflammation in clinical settings (94). 
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1.4.3 Inflammasomes 

Inflammasomes are intracellular, multimeric protein complexes triggered by pathogen-associated 

molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), that form part of the 

innate immune response (95, 96). Inflammasomes activate procaspase-1, resulting in the cleavage of 

pro-IL-1β and pro-IL-18 to become biologically active, further amplifying the ongoing inflammatory 

cascade (95, 97). Although there are different types of inflammasomes, the most studied inflammasome 

complex is the Nod-like receptor family pyrin domain-containing 3 (NLRP3), which is a critical contributor 

to the inflammation process in diseases such as acute graft-versus-host disease, systemic lupus 

erythematosus, type 2 diabetes, gout and asthma (98-102). As a relatively newly identified biomarker of 

inflammation in many inflammatory disease studies, inflammasomes have been proposed as a potential 

target for novel treatment strategies (103-105). To date, limited research has been conducted to confirm 

the presence and role of inflammasomes in DED (97, 106, 107). Niu et al. found elevated levels of 

NLRP3 inflammasome mRNA and protein expression in patients with SS DED. Additionally, increased 

levels of the associated inflammatory factors, caspase-1, IL-1β, IL-18 were found. The levels reported 

were higher in SS-DED than in non-SSDE (97). 

 

1.4.4 Tear collection 

Significant variation in reported cytokine concentration levels has been ascribed, at least in part, to 

differences in tear collection method and analysis (49). The most common sampling technique is basal 

tear collection via a glass micro-capillary tube from the lower lateral canthus. Basal tears are considered 

to be the most accurate representation of the true protein composition of the tears, however the collection 

process can be painstaking, with adequate volumes for biomarker analysis difficult to obtain (108). 

Reflex tearing is often a limiting factor, coinciding with participants reporting discomfort during collection 

and is unavoidable in Schirmer paper and cellulose sponge collection techniques (109). Reflex tearing 

occurs when physical or nasal stimulation occurs, and dilutes the sample due to a high flow rate of tears 

from the lacrimal gland resulting in a correspondingly lower overall concentration of tear proteins being 

identified (110). While reflex tearing is, by nature of the disease, reduced in SS patients, reflex tearing is a 

significant risk in the collection from patients with DED who possess normal lacrimal gland function. 
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Surprisingly, studies often do not usually disclose the quantity of tears collected from DED study 

participants(58, 108, 111, 112).  

Flush tear collection, also referred to as the ‘wash-out’ method, has been proposed as a relatively non-

invasive method that only minimally stimulates reflex tear production, making it appropriate for the 

purpose of tear collection for cytokine analysis. This method involves adding a small volume of saline to 

the lateral canthus via a micropipette, typically between 10uL and 30uL, then immediately collecting the 

tears via a microcapillary from the lateral canthus much like the collection method for unstimulated tears 

(69). Flush tear collection facilitates the collection of adequate volumes of sample for analysis, with 

minimal patient discomfort and with drastically reduced collection time for unstimulated tears (68, 78). 

Cytokine concentrations in flush tears and unstimulated whole tears have been shown to be comparable 

(108, 113). However, the potential risks associated with unaccounted dilution must always be considered, 

especially when analysing molecules that are present in lower concentrations (108). Markoulli et al. 

validated the flush tear collection using 60μL of saline for cases where it is difficult to yield adequate tear 

volume for analysis, such as in SS. (108). In 2017, the same group confirmed that flush tear collection 

using 20μL was more repeatable than 60μL for analysing substance P; however, this study collected 

samples only from non-dry eye participants, who would be anticipated to possess normal resident tear 

volumes (113). Recently, Niu et al. collected flush tear samples using 30μL of saline in both types ADDE, 

as well as healthy controls and successful obtained cytokine results by ELISA (97). Alternative collection 

methods include tear adsorption via a polyester wick or cell sponge, and elution of tears from Schirmer 

strips (58, 64, 71, 72). Schirmer tear collection is straightforward to obtain, however it needs to be 

recognised that the proteins eluted from these samples arise not only from the resident tear fluid, but also 

potentially from tissue leakage and cellular sources due to the trauma associated with mechanical 

rubbing of the strip against the conjunctival epithelium. which will result in a different tear protein profile 

from that of basal tear fluid (114-116).  

 

1.4.5 Laboratory analysis 

A range of immunoassays employing different detection techniques exist for the qualitative and 

quantitative analysis of a range of inflammatory biomarkers. Most of the methods, such as ELISA and 

multiplex bead immunoassays, use sandwich antibody capture technology to capture small protein 
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molecules. RNA expression can also be analysed from conjunctival cell specimens using quantitative 

real-time polymerase chain reaction (qPCR), and proteins can be identified and distinguished by more 

robust laboratory methods such as Western blotting and zymography.  

 

1.4.5.1 Cytokine analysis 

Current techniques of protein profiling in small volume tear samples include ELISA, membrane antibody 

microarray and multiplex bead arrays (54, 56, 72, 117, 118). These arrays involve a sandwich technique 

that involves a primary antibody, designed to identify the molecule in the tear sample, and then a 

secondary conjugated antibody for identification and quantification. Tear samples are notoriously small in 

volume, and the composition of proteins present in the samples themselves is heavily susceptible to 

variation related to environmental ocular exposure, diurnal variation, participant diet and sample 

evaporation post-tear collection. Therefore, volume considerations and assay sensitivity metrics are key 

considerations when deciding which assay is the best for study purposes (56). 

Enzyme-linked immunosorbent assays (ELISA) are considered the ‘gold standard’ in detecting and 

quantifying tear proteins (111, 118). Their good repeatability, accuracy, precision and lack of cross-

reactivity are advantages. However, a disadvantage is their ability to test only a single analyte per assay 

kit. Another disadvantage is the relatively large sample volume required. ELISAs are often used to retest 

results obtained using other immunoassays. With technological advances, it is now possible to analyse 

multiple analytes concurrently, with a smaller sample volume, using multiplex bead analysis techniques.  

Multiplex bead arrays, known as bead-based immunoassays, cytometric bead-based assays, or 

multiplex ELISAs, are assays that utilise sandwich immunoassay techniques from ELISA and combine 

them with flow cytometry techniques. Unlike traditional ELISAs that are supplied with wells that are pre-

coated with the antibody of interest, in multiplex bead arrays, colour-coded microspheres known as beads 

are coated with the antibodies of interest. The beads provide a larger surface area for analyte binding. 

Variation in the sensitivities of available commercial kits exists, and protocols for tear cytokine detection 

and quantification using multiplex assays are yet to be standardised due to the variability in dilution 

factors between samples and the different buffers used (56). Despite the risk of cross-reactivity and 

potentially lowered sensitivity in multiplex bead arrays, researchers have demonstrated good correlation 



29 

 

between multiplex assays and individual ELISAs for detecting cytokines (53, 56, 118). The requirement 

for smaller sample sizes, rapid processing times and the ability to analyse up to 100 analytes in a single 

sample make multiplex antibody arrays a favoured option for tear cytokine analysis (56). 

Antibody microarrays similarly allow the identification of numerous protein analytes using a small 

sample volume, making it another valuable tool for tear analysis. Capture antibodies specific to the 

analyte in question are immobilised on a glass slide as duplicate dots, and samples are directly applied to 

the membrane and subsequently quantified by fluorescent, chemiluminescent, enzymatic or radiographic 

detection systems (56). The main advantages of membrane microarrays are their low relative cost, low 

sample volume requirement and the absence of a requirement for specialised training, equipment or 

facilities. The main limitations include lack of standardised protocols, and the semi-quantitative analysis. 

Additionally, they can be time-consuming, and cross-reactivity between capture/probe antibodies can 

occur (119). Cross-reactivity has been demonstrated in a study that analysed plasma (114, 117). The 

authors concluded that complex protein milieu such as human plasma was not suitable for microarray 

analysis due to insufficient precision of the technique (117), and might suggest that tear protein analysis 

may raise similar challenges due to the complexity of tear fluid. 

 

1.4.5.2 RNA analysis 

RNA can be collected via conjunctival cells retrieved from impression cytology using PTFE or cellulose 

membranes. Cell culture device inserts or circular shapes punched out of sheets of cellulose acetate are 

also commonly used in research. For clinical application, the Eyeprim™ (Opia Technology, Paris, France) 

is a purpose-built, bespoke device designed to collect impression cytology from the conjunctival 

surface (120). The RNA sample is subsequently analysed using qPCR, a combination of reverse 

transcriptase (RT) dependent conversion of RNA into complementary DNA (cDNA), the amplification of 

cDNA using PCR, and the detection and quantification of products in real-time (121). A fluorescent probe 

detected by a fluorometer allows quantification of the amplified cDNA during PCR, in the final step. 

Quantifying gene expression levels using qPCR analysis is considered the gold standard, allowing high 

sensitivity detection at a lower cost than gene expression microarrays (121). 
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Droplet digital PCR (ddPCR) is a novel gene quantification method for target nucleic acids, that has been 

commercially available since 2011(122, 123). Similar to the qPCR technique, a standard PCR reaction is 

used to amplify the target DNA fragment. However, two distinct differences are the partitioning of the PCR 

reaction into thousands of individual reaction droplets, prior to amplification, and the acquisition of data at 

the reaction endpoint (124). Additionally, ddPCR technology is ideal for low target quantitation due to 

nucleic acid quantitation being independent of reaction efficiency, resulting in a positive or negative result 

for each droplet. This confers, for ddPCR, a higher degree of sensitivity, repeatability and less 

susceptibility to PCR inhibitors than qPCR (124). 

 

1.4.5.3 Immunofluorescent staining 

Immunofluorescent staining has been used to stain cells collected by impression cytology or conjunctival 

biopsy tissue sections. The treated specimen is observed for fluorescent staining under a microscope and 

photographed (71). Yoon et al. demonstrated increased IL-6 expression in conjunctival cells in DED using 

this method (70). 

                              

                  Figure 3. Immunofluorescent image of human corneal limbal cells expressing Vimentin. 2F

3  

 

 
3 Image obtained from the Department of Ophthalmology, University of Auckland with permission. 
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1.4.5.4 Western Blot 

Western blotting of conjunctival impression cytology samples has been performed in the context of dry 

eye disease. This technique has typically been used for larger protein molecule quantification, such as 

NLRP3 inflammasome and caspase-1. Proteins are separated by gel electrophoresis and transferred to a 

membrane which is then incubated with primary and secondary antibodies for subsequent analysis (97). 

 

1.4.5.5 Zymography 

Activity levels of MMP-9, which as previously noted is otherwise known as gelatinase B, can be 

determined through a technique called gelatin zymography, which measures active gelatinase activity 

(87, 88, 91, 92). Diluted tear samples are fractionated by electrophoresis (92). Further overnight 

incubation in a digestion buffer allows the gelatinase to digest its substrate, facilitating subsequent 

quantification using suitable dyes. 

 

1.5 Clinical markers of ocular surface inflammation 

Rubor (redness) is one of the five cardinal signs of inflammation and, as such, is considered a hallmark of 

ocular surface inflammation in clinical examination. The cornea is an avascular tissue, therefore 

inflammation associated with the surface of the eye is reflected in engorgement of the superficial 

conjunctival vessels against the white of the sclera, which gives the impression of relative redness (125, 

126). 

Accordingly, conjunctival hyperaemia is considered the most common index of the severity of 

inflammation at the ocular surface. Evaluation can be undertaken subjectively, which relies on clinician 

experience, or objectively, utilising instrumentation and computerised technology.  

Bulbar conjunctival redness can result from inflammation arising from a multitude of factors, including 

allergic and infective conjunctivitis, contact lens wear, ocular irritation, dry eye disease as well as other 

ocular surface diseases (125, 126). Bulbar redness is inherently variable, as it can be impacted by lack of 

sleep, environmental factors, eye strain and dehydration (125). Murphy et al. conducted a study to 

evaluate the baseline redness of a normal eye in the absence of inflammatory stress or irritation. They 
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found the highest redness scores for the nasal and temporal quadrants. Additionally, greater redness was 

observed in males and a linear increase was seen with ten yearly increases in age (125). It has been 

generally thought that the higher redness values assessed in the horizontal meridian, the nasal and 

lateral bulbar conjunctiva, relate to the fact that it is the area that is most exposed to the environment, 

while the superior and inferior bulbar conjunctiva in the vertical meridian are more often protected from 

exposure by the upper and lower eyelids (127). Schulze et al. conducted a study to assess redness in all 

meridia before and after application of a topical vasoconstrictor. They found, using a subjective grading 

scale (Validated Bulbar Redness scale, VBR5), that greater redness was observed for the horizontal 

meridian than the vertical meridian, as previously reported. However, the investigators found greater 

differences in the vertical meridian pre and post vasoconstrictor application, which led them to 

hypothesise that in dry eye disease, the vertical meridian consisting of the superior and inferior bulbar 

conjunctival redness, may be a more sensitive indicator of ocular surface inflammation (127). Clinically 

relevant changes in redness values have been defined as any value falling outside of the 95% confidence 

interval range, as suggested by Bullimore et al., and this approach has been widely adopted by other 

research groups (128-131). 

 

1.5.1 Subjective evaluation of hyperaemia 

Clinically available bulbar redness scales use a mix of verbal descriptors, photographic images and 

artists’ drawings to represent different degrees of redness (129, 131-133). Although objective bulbar 

conjunctival hyperaemia measurements are superior in terms of sensitivity and specificity (134), 

subjective grading scales remain commonly applied in everyday practice due to their accessibility, low 

cost, and practicality for rapid judgment, requiring no additional equipment beyond a regular slit-

lamp (132). A clinical judgement of inflammation severity is made, often with the clinician referring back to 

a pictorial grading scheme. Commonly used subjective grading schemes include the Efron Scale, Brien 

Holden Vision Institute (BHVI) grading scale and the recently developed VBR10, or its simplified 5-point 

scale version, the VBR5. In 2004, Wolffsohn et al. used objective methods of colour extraction and edge 

detection to assess existing printed grading scales assessed, including the Efron scale. The increase in 

bulbar hyperaemia between the steps was found to be quadratic rather than linear in nature, making the 

lower end that corresponds to more mild hyperaemia, more sensitive (135). Compared to objective 
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measurements of bulbar hyperaemia, subjectively graded redness has been shown to be consistently 

scored higher, supporting the theory that clinicians utilise both blood vessel coverage and colour 

perception to assess the final hyperaemia grade (136). It has been recommended that interpolation of the 

scale to 0.1 steps optimises grading sensitivity, and allows clinicians to recognise smaller changes at 

monitoring visits and facilitate management decisions accordingly (131, 137). 

 

1.5.1.1 Efron scale 

The Efron scale (Figure 4) was developed as a tool for grading contact lens-related side effects, including 

conjunctival hyperaemia. It involves a 5-step scale for both conjunctival and limbal hyperaemia grading, 

depicted by artistic rendering. A change of 1.0 units has been determined to be a conservative, clinically 

relevant difference (133, 138) 

 

Figure 4. Efron bulbar hyperaemia grading scale ranging from normal, trace, mild, moderate and severe. 3F

4 

 

1.5.1.2 Validated Bulbar Redness scale 

The Validated Bulbar Redness scale (Figure 5), also known as the VBR 10, comprises ten pictures that 

represent a scale of 10 to 100, in 10-unit steps. This scale was developed based on the psychophysical 

ratings of images reflecting increasing levels of bulbar hyperaemia, by clinicians, optometry students and 

administrative staff. On analysis, researchers found that practitioners preferred a more limited number of 

steps and found the abbreviated version (VBR 5) with five pictures (pictures 10, 30, 50, 70 and 90) 

exhibited a higher level of repeatability and reliability than the VBR 10 scale.  The researchers were able 

to show a statistically significant difference in score between dry eye groups and control groups  (127, 

 
4 Permission obtained from Elsevier via the Copyright Clearance Centre, Inc. Please see Appendix A for 

details. 
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129).  Schulze et al. found a change of +/- 20 units to be the clinically relevant change in grading steps 

based on the 95% confidence interval for their data (127). 

 

Figure 5. Validated Bulbar Redness (VBR10) scale consisting of 10 images. 4F

5  

 

1.5.1.3 Brien Holden Vision Institute grading scale 

The BHVI grading scale, previously known as the Cornea and Contact Lens Research Unit (CCLRU) 

scale and the Institute for Eye Research (IER) scale, is a photographic scale comprising four photos. It 

represents a range of redness from trace (1), through mild (2), and moderate (3), to severe (4).  Studies 

comparing this scale to the Efron scale describe scores with the BHVI scale as consistently 0.6 steps 

higher on average than those with the Efron scale, which has five steps rather than four, highlighting risks 

associated with attempting to use different grading scales interchangeably. 

 

1.5.2 Objective hyperaemia 

Many studies have explored the benefits of assessing hyperaemia objectively, as automation offers the 

potential to minimise inter-observer variability (126, 135, 136, 139, 140). Image processing techniques 

such as thresholding, edge detection, smoothing, colour extraction, morphometry and densitometry have 

 
5 The VBR5 scale consists of grades 10, 30, 50, 70 and 90 only. Permission obtained from Wolters 

Kluwer Health Inc. via the Copyright Clearance Center, Inc. Please see Appendix B.  
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been utilised in quantifying bulbar redness (135). The most consistent objective analytical technique has 

been shown to be edge detection and relative colour extraction, providing 16 times more reliable 

detection of change in bulbar redness than subjective hyperaemia grading (134, 136). 

 

1.5.2.1 Oculus Keratograph ® 5M 

The Oculus Keratograph ® 5M (Oculus K5M) device features proprietary software (R-scan) to quantify 

bulbar and limbal redness from a captured digital image of the anterior eye and provide a score, relative 

to the device’s JENVIS scale, of between 0.0 and 4.0 in 0.1 steps. The captured digital image is taken en 

face, with the participant looking directly at the camera, and eyes opened widely. The software evaluates 

the exposed conjunctival areas, and thus considers predominantly the nasal and temporal quadrants. 

Although it is possible to image the superior and inferior conjunctiva via redirection of patient gaze and/or 

lid manipulation, the software currently does not offer a means of automatically grading hyperaemia 

images except those captured in primary gaze. The analytical process underpinning the redness 

quantification remains unknown, due to the proprietary nature of the software. Computerised grading like 

the Oculus K5M allows an objective measure of bulbar hyperaemia without the inherent variability 

associated with clinicians’ subjective grading. A change of redness of +/-0.5 units was deemed to be a 

clinically relevant level of change in a study conduct by Schulze et al. according to the 95% confidence 

interval (127). A limitation of computerised grading is evident as the observed redness may be 

indistinguishable in hue, from the lid margins. Such challenges are more easily overcome in the clinical 

setting, where a clinician can request altered gaze direction or manually manipulate the conjunctiva to 

make such a distinction (126). En face measurements within the R-scan feature result in the analysis of a 

relatively small exposed area of bulbar conjunctiva. This may limit the ability to correctly differentiate 

redness in dry eye patients vs normal controls, where subjective grading has been shown to be 

discriminatory in differentiating disease from non-disease in a number of studies (126, 127).  This is likely 

facilitated by the ability to view a larger conjunctival area, consistent with the real life clinical scenario 

where the clinician can alter patient gaze direction to reveal otherwise concealed areas of bulbar 

conjunctiva  It has been reported that although repeatable, the Oculus K5M R-scan tends to under-

estimate redness compared to subjective grading (126, 127). 
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1.5.2.2 Other objective measures 

Downie et al. conducted a study to evaluate a new, simple method of evaluating bulbar hyperaemia (126). 

Their method was to take a digital en face image of the eye similar to that captured by the K5M, so that 

comparisons could be made. The group calculated the percentage of red channel activity relative to total 

channel activity (R+G+B) with image analysis software (Image J, National Institutes of Health, MD, USA).  

Values similar to the Oculus K5M R-scan values, led to a hypothesis that the R scan software uses a 

similar calculation method to generate its computerised redness score (126). 

 

1.5.3 MMP-9 point-of-care testing 

A rapidly applied, point-of-care test that evaluates total ocular surface MMP-9 (93) has been developed 

for use in clinical practice. The test was developed specifically to aid in the diagnosis of dry eye, following 

evidence that elevated levels of MMP-9 are found in tears of patients with dry eyes (64, 85, 141). The test 

is based on the principle of a lateral flow immunoassay. It is conducted by dabbing the sampling fleece 

along the inferior palpebral conjunctiva, then immersing it in the buffer provided, and clipping it into the 

test cassette. As the solution is absorbed along the test strip, MMP-9 molecules are captured by 

corresponding antibodies in the test region if present. The result is read after 10 minutes as positive or 

negative (141). The cut-off value for the InflammaDry® (Rapid Pathogen Screening, Inc, Sarasota, Fl, 

USA), indicating a clinically significant level of ocular surface inflammation, is 40ng/mL of MMP-9 (83, 

141). 

The ability to identify significant levels of MMP-9 in a clinical setting, avoiding the need for complex 

laboratory equipment and trained personnel, is convenient for clinicians and may help guide decision-

making with regard to offering anti-inflammatory therapy (93). Contradictory evidence from published 

clinical studies exists with regard to the diagnostic utility of the InflammaDry® point-of-care test for DED. 

Sambursky et al. conducted two (n=143 and 237) studies that reported positive InflammaDry® results in 

over 80% of patients diagnosed with DED (142, 143). In contrast, Lanza et al. reported only 39% positive 

MMP-9 results out of those who had been diagnosed with DED (n=143) based on positive signs and 

symptoms. Similarly, Messmer et al. reported only 40% of their DED cohort displayed positive MMP-9 
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results with the InflammaDry® (83, 144). It is important to note that diagnostic criteria used to classify 

patients as DED were inconsistent between these studies. A faint positive reading has been reported in 

individuals with MMP-9 concentrations of 30-40ng/mL, just below the cut-off value. Care is required in 

ensuring the fleece applicator is sufficiently wetted by tears, as an insufficient sample quantity of less than 

5uL can also produce a false negative result (51). Another disadvantage of relying on MMP-9 as a DED 

biomarker is that MMP-9 is not specific to DED. It is present in a broad range of inflammatory conditions 

affecting the ocular surface, such as allergic conjunctivitis, recent ocular surgery or infection (51), 

therefore it is critical to differentially diagnose conditions presenting with a positive MMP-9 result. 

Inflammation is an important factor in the pathogenesis of DED, however the failure to detect MMP-9 in 

every patient with DED has lead researchers to believe that either inflammation is not always present in 

DED or that the initiating pathways are different (51, 83, 93, 142, 144, 145). Based on the vicious circle of 

DED, inflammation contributes to the perpetuation of the disease process, however its prominence and its 

role may differ, depending on the underlying disease aetiology. For example, in autoimmune disease, a 

high level of circulating inflammatory mediators could serve as a key trigger of the vicious circle of DED in 

itself, in contrast to the situation in evaporative dry eye, where inflammation is understood to be a 

downstream consequence of having triggered the vicious circle via the failure of another homeostatic 

marker, such as tear instability secondary to lipid deficiency. The levels of inflammation observed in these 

two scenarios might reasonably be expected to differ, even in diseases of equivalent symptomatic 

severity. That ocular surface inflammation in severe ADDE from Sjögren’s Syndrome would be expected 

to be more marked than that in severe MGD (EDE) is supported by previous research (35, 54, 64, 66). 

 

1.5.4 Ocular Surface Staining 

Two vital dyes, sodium fluorescein (NaFl) and lissamine green, are commonly used in the clinical setting  

to highlight damage of the ocular surface tissues. NaFl is an orange-coloured dye that fluoresces green 

under blue light. Compromised cells and areas of cell loss absorb NaFl more readily, appearing as 

punctate staining on the cornea. Lissamine green stains dead and devitalised cells that have damaged 

cell membranes, as well as cells that have damaged or missing glycocalyx. A minimal volume of 

fluorescein is instilled to avoid quenching and minimise the disruptive effects of fluorescein on the tear 
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film prior to its assessment. Staining the cornea and conjunctiva are useful in assessing severe DED; 

however, poor correlation with disease severity has been seen in mild-to-moderate DED (146). 

 

1.5.4.1 Sodium Fluorescein staining 

A lack of lubrication at the corneal surface in DED creates shear stress during blinking, which has been 

shown to worsen with disease severity (18). The loss of tight and adherens junctions in these epithelial 

cells, coupled with friction from the action of blinking, results in shedding of the epithelial cells. However, it 

remains difficult to distinguish whether sodium fluorescein staining represents a pool of dye in place of 

where cells have shed, rather than an increased permeability of an epithelial cell that is close to shedding 

and has undergone a reduction of its glycocalyx, leading to uptake of dye into the cell (18). A small 

amount of punctate epithelial staining is considered physiologically normal and occurs in 4-78% of the 

general population depending on the literature source (147). Staining of corneal punctate epitheliopathy in 

DED is often found on the inferior cornea, the ocular surface zone with the most prolonged exposure to 

the external environment. According to TFOS DEWS II diagnostic criteria, detecting>5 corneal spots of 

NaFl staining indicates homeostatic loss (2). Grading systems such as the Oxford grading scheme are 

utilised by clinicians to encourage consistency in grading (148). During the slit-lamp exam, visualisation of 

fluorescence is enhanced with a yellow barrier filter that should band pass at around 500 nm (149). This 

is recommended particularly when observing fine punctate staining of the cornea and conjunctiva (2). 

 

1.5.4.2 Lissamine green staining 

Staining taken up by conjunctival cells indicates damage to the cell membranes, irrespective of the 

presence of mucin (2). Conjunctival staining scores were evaluated by Yang et al. in 2019 using the 

Sjögren’s International Collaborative Clinical Alliance (SICCA) grading system (150). Conjunctival staining 

scores were assigned after applying 1% lissamine green, along with grading scores for fluorescein 

staining of the cornea. Both scores were compared against the measurement of inflammation of the 

ocular surface, based on inflammatory cytokine gene expressions of IFN- , IL-6, IL-17 and MMP-9. All of 

the gene expressions were strongly correlated for conjunctival staining scores in both the non-SSDE and 

SSDE groups (150). The Oxford grading scheme (148) can also be used for subjectively grading the level 
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and distribution of conjunctival staining. The TFOS DEWS II diagnostic criteria includes the presence of at 

least nine conjunctival spots as a sign of ocular surface homeostasis loss (2). 

Lid wiper epitheliopathy (LWE) is epithelial cell damage at the lid margin that can be visualised by 

staining with lissamine green dye. The staining pattern extends beyond the mucocutaneous junction 

(Marx’s line) onto the palpebral conjunctiva in the ‘lid wiper’ zone that is in constant immediate contact 

with the globe. It has been proposed that LWE results from epithelial damage caused by friction between 

the globe and the upper and lower eyelids during blinking and gaze movements (18). Korb et al. found 

that 88% of patients who were symptomatic of DED exhibited LWE. Conversely, only 16% of 

asymptomatic controls showed staining in this region (151). The Korb grading scale is most commonly 

used to grade the degree of LWE; the cut-off value between normal and abnormal is grade 1 out of a 

scale range of 0 to 3. This is the equivalent of LWE which measures 2-4 mm in length and has a sagittal 

width of at least 25%-50%. The final LWE grade is determined from the average between horizontal 

length and sagittal width staining grades, recorded for the upper and lower eyelids independently. The 

presence of LWE in dry eye disease has been found to be six times greater than in a non-dry eye control 

group (151). A recent study by Wang et al. demonstrated that lid wiper epitheliopathy staining scores 

were a more sensitive discriminative marker of DED than corneal staining (152). 

 

1.6 Anti-inflammatory treatment 

As described in Section 2, inflammation is a critical component within the vicious circle and contributes to 

driving the self-perpetuating cycle of instability, hyperosmolarity, inflammation and ocular surface 

damage. Topical ophthalmic treatments are available to inhibit inflammatory mediators from activating 

and initiating further responses. These anti-inflammatory treatments inhibit the inflammatory cascades 

with the aim of restoring homeostasis of the tear film and ocular surface. 

Current anti-inflammatory treatments are classified as either immunosuppressive agents such as 

corticosteroids, or immunomodulatory agents. Immunomodulatory agents include cyclosporine A, 

lifitegrast (LFA-1 antagonist) and tacrolimus. The role of essential fatty acids in combating dry eye 

disease continues to undergo evaluation through research (153-164). Investigations into the potential for 

targeted treatment involving inflammasomes are currently underway. 
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1.6.1 Corticosteroids 

Topical corticosteroids have potent effects in inhibiting multiple inflammatory mediators and thereby 

interrupting the inflammatory cascade (165). Activation of acute-phase cytokines such as IL-1, TNF-

alpha, MMPs, prostaglandins and phospholipase A is suppressed following the inhibitory action of 

corticosteroids on NFκB (165-167). Corticosteroids, therefore, inhibit multiple pathways of the 

inflammatory response mediated by T cells and B cells (168). In long-term use, their effects are 

predominantly at the genomic level, acting through the cytosolic glucocorticoid receptor (165). The 

reduction of leukocyte infiltration to the inflamed ocular tissues is another benefit of topical corticosteroids 

(166, 169). Unfortunately, while effective, corticosteroids have numerous side effects, and clinicians need 

to be assured that the benefit of treatment will outweigh the risk of side effects, when administering this 

treatment. The chronic nature of DED makes reliance upon corticosteroids problematic as a treatment of 

choice, due to the frequent need for long-term treatment.  

 

1.6.2 Topical Cyclosporine A 

Molecular effects of the application of topical cyclosporine A (CsA) include increased tear production, 

increased goblet cell density, inhibition of T cell activation and decreased transcription of IL-2 and IL-6 

(170-173). The underlying mechanism of action is inhibition of the calcineurin-phosphatase pathway by 

intracellular complex formation with cyclophilin, but the subsequent clinical effect in DED is not fully 

understood (173, 174). A commercial preparation of cyclosporine is not currently available for topical 

human application in New Zealand. A clinical trial administering topical cyclosporine A to participants with 

moderate-to-severe dry eye showed a statistically significant improvement in symptoms such as 

intermittent blurring at four weeks of the trial. Objective signs such as improved Schirmer test values and 

reduced corneal staining were also consistent with this finding at 4 and 6 months, respectively (175). 

Ocular burning following instillation was found to be a common side effect in up to 20% of cases, while 

other issues included blurred vision, itching, conjunctival hyperaemia, foreign body sensation, stinging 

and discharge (168, 172, 176). Another limitation of topical CsA is that its effects can have a delayed 

onset of several months (175). A new CsA ophthalmic solution 0.09% has been recently approved in the 
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United States and was shown to significantly increase tear production following ten weeks of use 

compared to that in controls (177). The most common side effect was mild pain on instillation. 

 

1.6.3 Lifitegrast 

Blocking the binding of the intercellular adhesion molecule 1 (ICAM-1) to the lymphocyte function-

associated antigen 1 (LFA-1) that is expressed only on lymphocytes is one proposed mechanism of 

action of lifitegrast (178). ICAM-1 is expressed on a variety of cells, including APCs and endothelial cells. 

Lifitegrast was approved by the US Food and Drug Administration (FDA) in 2016 and is available in 

Canada, the United States, Australia and six other countries, but not yet including New Zealand (165, 

178, 179). It is proposed that by blocking the LFA-1:ICAM-1 interaction, activation of the adaptive immune 

response is prevented by stopping naïve dendritic cells from homing to lymph nodes and preventing 

activated T cells from migrating back to the conjunctiva (178). Research on dry eye models when 

exposed to dessicating stress have shown that the application of lifitegrast leads to no increase in pro-

inflammatory cytokines such as IFN- , IL-1 , IL-10, indicating that inflammatory cascades have been 

disrupted (180). Recently, a large multi-site study including 1429 participants concluded that lifitegrast 

ophthalmic solution 5.0% is favourable for treating moderate-to-severe signs and symptoms of DED 

(181). However, further research is warranted to investigate the exact mechanism of action of lifitegrast in 

the treatment of dry eye disease (168).  

 

1.6.4 Tetracycline derivatives 

Tetracycline derivatives such as doxycycline and minocycline are antibiotics used as a dry eye disease 

treatments. In the treatment of DED, they are typically used at a low dose, over an extended period, 

because they are used not specifically for their antimicrobial action, but more for their immunomodulatory 

role in suppressing lipases and inflammation (40, 182, 183). 

Doxycycline inhibits the expression and production of MMPs 1, 3, 9, and 13 by human corneal epithelial 

cells (18). In addition it also assists in down-regulating the expression of pro-inflammatory cytokines IL-

1β, TNF-α(184). The mechanism of action for its anti-inflammatory effects involves scavenging reactive 

oxygen species and inhibiting phospholipase A2 activity (185, 186). No gold standard treatment regime 
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exists, but the dose concentration of the oral tetracycline derivative typically prescribed is 50-100mg daily, 

for up to 12 weeks (182, 183, 187). 

 

1.6.5 Macrolides 

Increasingly, oral azithromycin, a macrolide antibiotic, is used ‘off-label’ for therapeutic management of 

DED on the basis of its potent anti-inflammatory effects. Again, there lacks consensus on the optimal 

dose or dosing regime, but the dosage recommendation typically follows a 3 to 5-day course, for example 

with 500mg administered on the first day and 250mg per day on the 4 subsequent days. Azithromycin is 

popular with clinicians due to reduced reliance on patient compliance due to the short term nature of the 

course, as well as having fewer side effects and contraindications that doxycycline (188). This modality 

and standard antibiotic dose (100 mg twice daily, used in this study) doxycycline have been compared in 

a 1 month clinical trial with both showing significant improvement in symptoms of MGD, although the 

azithromycin showed a significantly better overall clinical response (188). An in vitro model suggested the 

mechanism of action relates to increased gland function, stimulation of lipid production and differentiation 

of meibomian gland epithelial cells (189). 

Tacrolimus ointment, also known as FK506, is a potent immunosuppressant macrolide with a similar 

mechanism of action to topical cyclosporine A, such that it inhibits the T cell proliferation and activation 

pathways (40). As well as inhibiting IL-2 gene transcription by blocking calcineurin activation, tacrolimus 

also appears to inhibit cytokine receptor expression, reducing the cytokine-stimulated response of the 

imminent inflammatory cascade (190). Treatment with tacrolimus ophthalmic ointment has been 

demonstrated to be beneficial for ocular inflammatory conditions such as atopic conjunctivitis, Thygeson’s 

superficial punctate keratitis, nummular adenoviral keratitis as well as in DED (191). In a recent 

investigator-masked, randomised controlled study by Moawad et al., both tacrolimus 0.03% eye drops 

and cyclosporine 0.05% significantly improved patient symptoms in the SS DED group compared to 

placebo control (192). No significant difference was found in efficacy between the two eye drops in this 

study. 
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1.6.6 Essential fatty acids 

Essential fatty acids are precursors to immunomodulatory molecules naturally present in the body, such 

as thromboxane, leukotrienes, prostaglandins and prostacyclin. Ingestion of essential fatty acids by diet 

or dietary supplementation is necessary as the human body cannot synthesise these molecules. The 

balance of omega-6 and omega-3 is important and their interaction in inflammation remains incompletely 

understood (193). Omega-3, in all forms, is a precursor for anti-inflammatory mediators, whereas omega-

6 is a precursor predominantly for pro-inflammatory lipid mediators (193), although omega-6 from 

specific, carefully chosen sources can be anti-inflammatory (194).  A diet consisting of a high omega-3 to 

omega-6 ratio is beneficial as the presence of omega-3 inhibits the production of pro-inflammatory 

cytokines, tumour necrosis factors, prostaglandins and leukotrienes (195). Omega-3 fatty acids are 

abundant in marine and plant sources. The biologically active eicosapentaenoic acid (20:5 omega-3) and 

docosahexaenoic acid (22:6 omega-3), are both long-chain fatty acids present in fish oils. Plant omega-3 

is a shorter chain fatty acid (alpha-linolenic acid (18:3 omega-3), and the ability of the human body to 

convert it to eicosapentaenoic acid is inefficient relative to its ability to convert omega-3 from marine 

sources (196).  

Research on the effect of the administration of essential fatty acid supplementation on reducing the signs 

and symptoms of dry eye disease has shown positive outcomes (197-199). In as little as 30 consecutive 

days of oral omega-3 supplementation, signs and symptoms of dry eye disease improved, with better tear 

film stability and increased tear secretion (159). Similarly, a more extended 90-day clinical trial with the 

administration of oral omega-3 supplementation derived from fish oil and krill oil resulted in reduced tear 

osmolarity and increased tear stability in patients with mild-to-moderate DED (156). Of interest, the group 

given krill oil supplementation showed decreased levels of IL-17 in the tear film, suggesting that krill oil 

has superior anti-inflammatory properties to fish oil (156).  

Contradictory evidence regarding omega-3 benefits has arisen from the Dry Eye Assessment and 

Management Study Research Group (DREAM), a large, multicentre, double-blind, randomised one-year 

clinical trial comparing omega-3 supplementation at the highest safest dose to humans (3000mg of fish-

derived n-3 eicosapentaenoic and docosahexaenoic acid) to refined olive oil as a control. The authors 

reported no difference in ocular surface parameters and dry eye symptoms and signs in patients with 

moderate-to-severe dry eye disease relative to the placebo group (161). The DREAM group conducted 
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an extension study to assess differences in ocular surface parameters related to DED and found the 

group who discontinued omega-3 supplementation did not have significantly worse outcomes than those 

who continued omega-3 supplementation for a further 12 months (158). Further research is required to 

explore the optimal dosage and duration of supplementation required in order to best advise eye care 

professionals and the public in regard to the anti-inflammatory properties of omega-3 supplementation in 

treating DED (200). 

Omega-6, despite being widely recognised as a precursor for pro-inflammatory mediators, has been 

shown in specific forms, to improve DED symptoms through the anti-inflammatory properties of gamma-

linoleic acid and its precursor linoleic acid. These molecules are found in evening primrose oil and borage 

oil, and supplementation has been shown to decrease signs of ocular surface inflammation and improve 

DED symptoms(153, 155, 160, 163). 

 

1.7 Aims and hypothesis 

Dry eye disease is a complex condition, with inflammation central to the self-perpetuating, 

pathophysiological vicious circle. However, dry eye signs and symptoms often do not align, and not all 

patients with DED present with clinically significant levels of inflammation. This presents challenges for 

the clinician in deciding when it might be appropriate to initiate anti-inflammatory treatment. While 

sensitive laboratory-based assays such as PCR have shown MMP-9, IL-8 and IL-1β to be elevated 

inflammatory biomarkers in DED, evidence-based recommendations for an accessible method for 

detecting clinically significant inflammation in everyday clinical settings do not yet exist. In the absence of 

a gold standard to clinically measure ocular surface inflammation, clinicians typically assess bulbar 

hyperaemia as a proxy measure of inflammation. A wide variety of subjective and objective scales are in 

use, yet little is known about the degree to which these can be used interchangeably. More recent 

developments include point-of-care immunoassays and computerised software that reportedly provide 

clinically useful assessments of inflammation.  

The aims of this observational study were three-fold:  

1. To test clinical proxy measures of inflammation relative to laboratory-based measures of 

inflammation. Specifically, we sought to evaluate one objective measure of hyperaemia (Oculus K5M 
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R-scan); three subjective hyperaemia grading scales (Efron, BHVI and VBR-5); ocular surface 

staining (graded using the Oxford scale); the InflammaDry®© point-of-care immunoassay; and the 

Ocular Surface Inflammation Evaluation test5F

6 (OSIE©, Tearcheck®, ESW-Vision, France), against 

ex-vivo levels of MMP-9, IL-8 and IL-1β determined by ddPCR analysis from conjunctival impression 

cytology samples  

2. To explore the predictive ability of clinical tests and dry eye disease markers in identifying ocular 

surface inflammation according to MMP-9, IL-8 and IL-1β levels 

3. To assess the inter-observer and intra-observer variability of clinical bulbar hyperaemia grading 

scales and their agreement with objective hyperaemia grading 

The primary outcomes were correlation values, predictive values, diagnostic cut off values, as well as 

sensitivity and specificity values for the various clinical tests.  

Exploration of whether a differential inflammatory response according to DED subtype could be 

demonstrated was proposed as a secondary outcome contingent on the ability to recruit adequate 

numbers of participants with distinct evaporative and aqueous deficient dry eye phenotypes.  

1.7.1 Hypotheses 

1. The presence of ocular surface inflammation is associated with DED severity as assessed by TFOS 

DEWS II diagnostic testing. 

2. Subjective clinical grading of hyperaemia can be used to predict levels of ocular surface inflammation 

as confirmed by laboratory analysis. 

3.  Subjective clinical grading of hyperaemia correlates with automated objectively graded hyperaemia. 

4. A point-of-care immunoassay is an effective screening tool for identifying ocular surface inflammation, 

as confirmed by laboratory analysis.  

 
6 The company ESW Vision have altered the Ocular Surface Inflammation Evaluation Ocular Surface 
Inflammation Risk Evaluation over the duration of this thesis. 
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Chapter 2. Methods 

2.1 Participants 

The study was approved by Auckland Health Research Ethics Committee (reference number 22183) and 

conducted within the Department of Ophthalmology research rooms in the University of Auckland Eye 

Clinic. A minimum of 47 participants was required for this study based on power calculations conducted 

using NCSS PASS version 16 to detect an association of r ≥0.40 between clinical and laboratory markers 

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

Recruitment of participants was conducted via social media advertisement to volunteers in the Auckland 

region. Due to the impact of COVID-19 lockdowns, followed by restricted clinic and laboratory access, 

participants were pre-screened over the phone to check for COVID-19 related symptoms prior to an in-

person consultation. During this phone call, the investigators also checked that the patient had read the 

Participant Information Sheet, and offered the opportunity to discuss any concerns.  

Written informed consent was obtained from 53 participants who were allowed sufficient time to 

thoroughly read the participant information sheet (Appendix C: Study participant information sheet) form 

that explained the study purpose, outcome measures, data privacy, inclusion/exclusion criteria and study 

safety. All willing participants over the age of 18, with or without dry eye were included in this study. 

Participation was excluded in the event individuals were not willing or able to temporarily withhold the use 

eye drops, or refrain from contact lens wear or warm compress use prior to the study visit. Participants 

were also excluded if they had a recent history of eye surgery in the past three months, the presence of 

any ocular disorder or condition which could affect study results, non-normal lid architecture preventing lid 

closure or the current use of punctal plugs. Any questions were answered, written consent was provided 

Appendix D: Study consent form. The original signed consent form was retained, independently of the 

data and a copy was provided for participants.  

Participants were required to avoid contact lens wear a minimum of 48 hours prior to the appointment, 

and refrain from the use of artificial tears and medicated eye drops at least 24 hours prior to the 

appointment. A dry eye diagnostic workup as informed by TFOS DEWS II (2) and outlined in Table 2 was 
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conducted on the right eye, along with additional testing to permit subsequent evaluation of ocular surface 

inflammatory markers.  

 

2.2 Symptomology 

The participants were asked to complete two symptom questionnaires, the Ocular Surface Disease Index 

(OSDI) (201) and the Dry Eye Questionnaire (DEQ-5) (202) at the start of the session. It was explained 

that all quality-of-vision related questions should be answered assuming the use of their personal vision 

correction spectacles, in order to distinguish dry eye related vision problems from uncorrected vision 

issues. A score of ≥13 was deemed a positive dry eye symptomology score for the OSDI. The DEQ-5 

required a score of ≥6 to be considered positive. 

 

2.2 Clinical measurements 

Ocular surface measurements were performed in order from least to most invasive during the single 

clinical visit as outlined in Table 2 (203). The first non-invasive clinical measurements were conducted 

with the aid of the Keratograph 5M (K5M; Oculus Optikgeräte GmbH, Wetzlar, Germany). Measures 

included tear meniscus height, non-invasive Keratograph tear break-up time (NIKBUT), lipid layer grade 

and bulbar hyperaemia grade.  
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Table 2. Testing order of ocular surface characteristics.6F

7 

Order Test name Instrumentation 

1 Tear meniscus height Keratograph 5M (Oculus, 

Germany) 

2 Non-invasive tear break-up time  Keratograph 5M (Oculus, 

Germany) 

3 Lipid layer grade Keratograph 5M (Oculus, 

Germany) 

4 Bulbar redness grading (objective automated) Keratograph 5M (Oculus, 

Germany) 

5 Tear osmolarity (higher value of the two eyes and 

interocular difference) 

TearLab® Osmolarity 

System, (TearLab, USA) 

6 Bulbar redness grading (subjective) Slit lamp biomicroscope 

7 Meibum expressibility and quality Slit lamp biomicroscope 

8 Corneal and conjunctival staining Slit lamp biomicroscope 

9 Ocular surface inflammation evaluation; OSIE® TearCheck® (ESW-

Vision, France) 

10 Meibography Keratograph 5M (Oculus, 

Germany) 

11 In-office MMP-9 measurement InflammaDry®, (Quidel, 

USA) 

12 Impression cytology EYEPRIM® (Opia, 

France) 

 

 

 
7 Abbreviations: MMP-9=Matrix metalloproteinase 
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2.2.1. Tear meniscus height 

An ocular surface image, encompassing the lower tear meniscus, was captured under infrared 

illumination to minimise the risk of reflex tearing from a direct bright white light. The height of the tear 

meniscus relative to the lower eyelid margin was measured with the aid of the digital callipers in the 

assessment screen (2). Three measurements were taken within ± 1mm of the pupil centre, and the 

average calculated. 

 

2.2.2. Tear film stability 

Automated first non-invasive Keratograph break-up time (NIKBUT) was measured under infrared 

illumination using the proprietary Oculus software which detects distortion in the reflected placido mires. 

The average of three separate NIKBUT measurements was recorded (2). 

 

2.2.3. Lipid layer evaluation 

Tear film lipid layer grade was assessed interferometrically. A 10 to 15 second video of the lipid layer of 

the right eye was recorded using the K5M under 1.4x magnification and white light illumination. The 

camera was focused on the tear lipid layer, and the participant was requested to blink intermittently to 

capture the post-blink movement of the lipid pattern. The patterns visible relate to the thickness of the 

lipid layer, which were graded according to their appearance against the ordinal modified Keeler-Guillon 

scale from 0 to 5, where 0 is a non-visible (absent) pattern, 1 is open meshwork, 2 is closed meshwork, 3 

is a flow pattern, 4 is amorphous and 5 shows coloured fringes. Abnormal coloured fringe patterns are 

assigned a grade of 0 for statistical purposes to reflect the comparable non-inhibitory nature of such a 

lipid layer to an absent lipid layer (1, 26). 
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Figure 6. Lipid layer patterns.7F

8  

 

2.2.4. Bulbar conjunctival hyperaemia 

2.2.4.1 Automated bulbar hyperaemia 

Automated bulbar conjunctival redness was assessed using the, proprietary R-scan software of the 

Oculus K5M which provides an automated quantification of nasal and temporal bulbar conjunctival 

redness. Nasal and temporal limbal redness, as well as the overall redness of the bulbar conjunctiva were 

also recorded.  

2.2.4.2. Subjective bulbar hyperaemia 

A slit lamp biomicroscope (Takagi, Japan) was used to visualise the nasal, temporal, inferior and superior 

bulbar conjunctiva. The clinician graded the severity of hyperaemia by comparing vascularity and overall 

eye redness levels to the Efron and VBR5 scales. A clinical impression of hyperaemia, commonly 

reported in ophthalmic settings where no validated grading scale is in use, was also recorded as ‘none’, 

‘mild’, ‘moderate’ or ‘severe’. 

 

2.2.5. Tear osmolarity 

Tear osmolarity was measured using a clinical osmometer (TearLab, California, USA), the probes for 

which were calibrated daily, prior to taking measurements, using dedicated calibration cards. For every 

tear fluid osmolarity measurement, a new disposable test card was used. As a safety precaution, 

 
8 Left (1) image is a closed meshwork pattern (grade 2), centre (2) image shows coloured fringes (grade 
5) and the right (3) image shows abnormal coloured fringes. Gradings are performed from video 
recordings on account of the dynamic nature of this tear film characteristic. 



51 

 

participants were requested to gaze supero-nasally, during sample collection from the inferior meniscus. 

Osmolarity was measured in each eye in turn by dipping the tip of a disposable test card into the lower 

lateral meniscus without making contact with either the ocular surface or lid margin. The higher value and 

interocular difference were recorded to enable dry eye diagnosis (2). 

 

2.2.6 Meibomian gland expressibility 

The Meibomian Gland Evaluator (MGE) was applied in order to grade the expressibility of five adjacent 

meibomian glands in each of the temporal, central and nasal regions of the lower eyelid. The total number 

of glands expressed out of five for each of the three areas (providing a total score out of 15) was recorded 

using the Meibomian Glands Yielding Liquid Secretion (MGYLS) score (204), and the expressed meibum 

quality grade was also recorded using the grading scheme described in Bron et al. (205). 

 

2.2.7. Ocular surface integrity 

A minimal amount of sodium fluorescein from a strip (BioGlo™, Madhu Instruments, India) wetted with 

saline, and shaken to remove excess fluid, was applied to the far temporal bulbar conjunctiva (2). Corneal 

staining, under blue slit lamp illumination and with the aid of a yellow barrier filter, was graded after one to 

three minutes after instillation (2). Grades between 0 and 5 according to confluence, against the Oxford 

Grading Scheme for each of five corneal regions (central, superior, inferior, nasal and temporal) were 

assigned to provide a total score out of 25 corresponding to a score out of 5 for each zone (148). 

Lissamine green (LG), was subsequently applied from a wetted strip (GreenGlo™, HUB Pharmaceuticals, 

USA), by allowing at least 10 seconds for the LG to elute from the strip and then applying a generous 

amount to the inferior temporal tear meniscus without touching the eye (2). Between 1 and 4 minutes 

after instillation, conjunctival punctate staining was assessed for confluence under diffuse white light 

against the Oxford grading scheme (148) to give a score out of 30 for three nasal and three temporal 

zones. Lid wiper epitheliopathy of the lower and top eyelid margin was also graded according to Korb’s 

grading scale (Table 3) (206). Upper and lower LWE scores were calculated as the average of the 

corresponding horizontal and sagittal scores. 
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Table 3. Korb’s grading scale for lid wiper epitheliopathy (206). 

Grade Horizontal length of staining 
(mm) 

Sagittal height of staining (%) 

0 <2 <25 

1 2-4 25-50 

2 5-9 50-75 

3 >10 >75 

 

2.2.7.1 Ocular Surface Inflammatory Risk Evaluation (OSIE®) 

A additional small amount of sodium fluorescein from the BioGlo™ strip was applied to the far temporal 

bulbar conjunctiva. After two minutes, as recommended by the manufacturer, the Ocular Surface 

Inflammatory Risk Evaluation (OSIE®) test on the Tearcheck® device was undertaken. An image under 

blue illumination was obtained and the area of interest manually defined by digitally outlining the 

interpalpebral zone within the lid margins (Figure 8). Based on this defined area, the proprietary software 

calculates an inflammatory risk score. 

 

Figure 7. Tearcheck® device in use. 
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Figure 8. OSIE® assessment screen. 8F

9  

 

2.2.8 Meibomian gland morphology 

Meibomian glands within the upper and lower eyelid were assessed by infrared meibography on the 

Oculus K5M, and percentage gland dropout was graded by estimating coverage of the everted tarsal 

areas by meibomian glands (seen as white structures against a dark background) and assigning a grade 

of between 0 and 4 according to Pult’s Meiboscale Table 4 (207). The degree of gland loss is estimated 

by evaluating the percentage area devoid of meibomian glands (dark areas), relative to the tarsal area 

that would be expected to house glands. 

Table 4. Pult’s Meiboscale grading values and corresponding percentage meibomian gland loss 

Grade Degree of gland loss 

0 0% (no gland loss) 

1 ≤25% 

2 26%-50% 

3 51%-75% 

4 >75% 

 
9 The left image shows how the area of interest is manually selected within the interpalpebral area of the 
open eye, avoiding the inferior and superior tear meniscus as per the manufacturer’s instructions. The 
right image shows the result given, and the red areas appear to be the ‘inflammation’ areas identified and 
calculated by the proprietary software. 



54 

 

 

2.2.9 In-office ocular surface MMP-9 assessment 

A measure of clinically significant ocular surface inflammation was obtained with the InflammaDry® test 

(Quidel, USA). The test kit comprises three components: a sample collector, a test cassette, and a buffer 

vial [0.1% Sodium Azide]. Following the manufacturer’s instructions, the lower eyelid of the right eye was 

everted to expose the tarsal conjunctiva, and the fleece portion of the sample collector applied to the 

conjunctival surface three times, for 3 - 5 seconds each time, to obtain test samples from the nasal, 

central and temporal portions. The collection device containing the sample was immediately inserted into 

the test cassette and the cassette uncapped, to allow the exposed absorbent tip to be submerged into the 

buffer vial for 20 seconds. The cassette was then re-capped and placed on a flat surface for a timed 

period of ten minutes. Presence of a ‘control line’ appearing as a blue line in the control zone, confirmed 

validity of the test results. In the case of a sample MMP-9 level exceeding 40 mg/mL, a red line would 

become visible in the test result zone. All complete and incomplete red lines were interpreted as positive 

as per the manufacturer’s recommendation (141). The absence of a red line was interpreted as a 

negative result, indicating an MMP-9 level below the pre-set cut-off of 40 ng/mL.  

 

Figure 9. The InflammaDry® test. 9F

10 

 
10 The left image depicts from left to right, the sample collector, the test cassette and the sample buffer. 

The right image shows sample collection from the inferior palpebral conjunctiva. 
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2.2.10 Laboratory inflammatory marker analysis 

The EYEPRIM™ conjunctival impression device (OPIA Technologies, France) was applied to collect 

samples by impression cytology [IC], from the superior temporal region of the bulbar conjunctiva. The 

single-use sterile EYEPRIM™ device was chosen as the preferred collection method due to its ease of 

use in clinic over other methods such as the Millicell®CM 12 mm diameter, 0.4 μm culture plate insert 

(Millipore Corp™), which required modification before sample collection (208). 

2.2.10.1 Laboratory preparation 

Immediately prior to the clinical appointment, an RNase-free Eppendorf tube containing 1 mL of TRIzol® 

reagent (ThermoFisher Scientific) was prepared and transported at 4 °C within a chilled polystyrene box, 

containing an ice block.  

2.2.10.2 Clinical area preparation 

A designated RNase-free bench area was prepared by wiping it down with RNAseZap™RNase 

Decontamination Solution. The clinician wore neoprene gloves (Micro-Touch® Affinity™, Ansell) to 

protect the skin from contact with TRIzol® as it is a caustic reagent. The rack containing the TRIzol® 

tube, the packaged EYEPRIM™ device and forceps were wiped down with RNaseZap™ and placed in 

the designated bench area. 

2.2.10.3 Sample collection by impression cytology 

The right eye was anaesthetised with one drop of oxybuprocaine hydrochloride 0.4% topical anaesthetic 

(Benoxinate eyedrop minims, Bausch & Lomb, USA). The participant was instructed to look infero-nasally 

to expose the superior temporal bulbar conjunctiva of the right eye. The EYEPRIM™ was used to collect 

the impression cytology sample by depressing the trigger gently and pressing the exposed membrane on 

the supero-temporal conjunctiva for three to five seconds. The membrane was then slowly removed from 

the eye and forceps were used to remove the membrane from the device for immediate placement into 

TRIzol®. The closed tube was immediately returned under refrigerated conditions back to the laboratory. 

Once in the laboratory, the collection tube was vortexed for 10 s, centrifuged for 15 s then stored in the -

80 °C freezer until analysis. 
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2.3 Laboratory analysis 

2.3.1 Ribonuclease-free environment 

RNA is easily degradable by ribonucleases (RNase) present in the environment, such as the workbench 

surfaces and human skin (209). To maintain an RNAse-free environment when collecting and analysing 

the ribonucleic acid (RNA) genetic material extracted from impression cytology (IC) samples,  

RNAseZap® (Thermo Fisher Scientific) was applied to all work surfaces and the clinician's gloves to limit 

risk of exposure of the IC samples to RNases in the environment. During laboratory analysis, RNaseZap® 

was applied to all workbench surfaces, tube racks, and to gloves to mitigate sample contamination and 

degradation, and thereby maximise RNA yield. Disposable items such as filtered pipette tips and 

microcentrifuge tubes were certified RNase-free per the manufacturer's guarantee. 

 

2.3.2 RNA purification 

The impression cytology samples in TRIzol® were removed from the -80 °C freezer, defrosted, vortexed 

for 10 seconds, and centrifuged for 15 s to ensure no TRIzol® reagent remained on the lid. These 

TRIzol® lysates were coupled with the Phasemaker™ tube and PureLink® RNA Mini Kit (Ambion® by 

Life Technologies™) system to perform an on-column RNA purification. Phasemaker™ tubes were 

centrifuged at 16,000 x g for 30 s and the contents of the TRIzol® lysates transferred into the 

Phasemaker™ tubes within a fume hood. A negative control tube containing 1 mL of TRIzol® reagent 

without an impression cytology sample was used for each RNA purification run to confirm absence of 

RNA in purification reagents. All tubes were incubated for five minutes at ambient temperature to ensure 

dissociation of nucleoproteins, then 0.2 mL of chloroform was added to each tube for phase separation to 

occur. Tubes were vigorously mixed by hand and left to incubate for five minutes before the tubes were 

centrifuged for five min at 16,000 x g at 4 °C. The upper aqueous phase containing the RNA was then 

transferred carefully to a new tube in the fume hood. An equal volume of 70% ethanol made with 

RNAse-free water was added to each microtube and mixed via inversion. 

The entire volume was sequentially transferred to spin cartridges housed within collection tubes, in two 

steps of approximately 700 μl each and centrifuged at 12,000 x g for 15 s, discarding the flow-through 

each time into a beaker and blotting the collection tube on a clean tissue paper before reinserting the spin 
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cartridge. Following this, 350 μL of wash buffer I was added to each spin cartridge now containing bound 

RNA, centrifuged as above, and the flow-through discarded and the collection tube blotted as before.  

On column DNase-treatment was performed to remove any residual genomic DNA that may have carried 

through into the upper aqueous phase during the phase separation step. The PureLink™ DNase 

(Invitrogen™, Thermo Fisher Scientific) is provided in a lyophilised form requiring reconstitution with 

550 μL of RNase-free water, then frozen, in aliquots, in the -20°C freezer.  

A separate preparation of PureLink™ DNase was required for on-column treatment, and was prepared 

according to the protocol outlined in Table 5. 

 

Table 5. Constituents and relative proportions of the Purelink™ DNase treatment. 

 

A 78 μL volume of PureLink® DNase mixture (Table 5) was pipetted into the centre of each spin cartridge 

and incubated for 15 min. Again, 350 μL of wash buffer I was added to the spin cartridge and centrifuged 

at 12,000 x g for 15 s at room temperature. The collection tube containing the flow-through was 

discarded, and the spin cartridge inserted into a new collection tube.  

Wash buffer II was reconstituted with 60 mL of 100% ethanol before use, then 500 μL was added to the 

spin cartridge. This was centrifuged at 12,000 x g for 15 s at room temperature, the flow-through  

discarded, and the spin cartridge returned to the same collection tube. This step was repeated one more 

time. The spin cartridge and collection tube were centrifuged at 12,000 x g for one min to dry the RNA-

bound membrane. The collection tube was then discarded, and the spin cartridge inserted into a recovery 

tube. Thirty microlitres of RNase-free water was added to the centre of the spin cartridge and left to 

incubate for 1 minute at room temperature. The combined tubes were centrifuged for one min at 

16,000 x g at room temperature to elute the purified RNA. The spin cartridges were discarded, and the 

Reagent Volume 

10x DNase I Reaction Buffer 8 μL 

Resuspended DNase 10 μL 

RNase Free Water 62 μL 
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recovery tubes capped and immediately placed on ice. If no further analysis was to be performed on this 

day, the purified RNA was stored at -80 °C. 

 

2.3.3 Nanodrop for yield determination 

The purified RNA was initially quantified using the NanoDrop™ Nucleic Acid Spectrophotometer 

(NanoDrop™ 2000C, Thermo Scientific), which measures the absorbance of the sample at a specified 

wavelength. The sample type was set to ‘RNA 40 constant’. Before setting the blank value, the instrument 

pedestal was wiped on the top and bottom five times with clean tissue paper, and one μL of the same 

RNase-free water used to elute purified RNA was used for the zero-absorbance measurement. Then, 

1 μL of purified RNA was pipetted onto the pedestal and analysed in duplicate, recording the 

concentration of RNA (ng/μL) for each sample. The averages of two consistent readings were then 

calculated and recorded. 

 

2.3.4 Tapestation for RNA quality and quantity analysis 

The 4150 TapeStation System (Agilent, United States) was used to determine RNA quality and ensure it 

had not degraded. It was also used to accurately determine quantification of the purified RNA. Unlike the 

NanoDrop™ which uses spectrophotometry to quantitate the RNA, the TapeStation system uses the 

principle of automated electrophoresis using the ScreenTape technology (Agilent, United States. The 

High Sensitivity RNA ScreenTape kit was used, which has a required concentration range between 500 

and 10000 pg/μL. 

To ensure the RNA concentration fell within this range, the NanoDrop™ data was used to calculate any 

required dilutions for the RNA where necessary. Checking the RIN value is important as RNA is easily 

degraded by RNases in the environment, leading to compromised results in sequential analysis (210). An 

RNA integrity number (RINe) of seven or above is considered to be undegraded RNA (211).  

A volume of 2 μL of High Sensitivity RNA ScreenTape Ladder (Agilent, United States) was added to 

tube 1 of an 8-strip of 0.2 ml optical tubes and one μL of High Sensitivity RNA ScreenTape Sample Buffer 

(Agilent, United States) was added to the remaining tubes. Following this, 2 μL of purified RNA was 

pipetted into each tube. Tubes were capped, vortexed for one min and centrifuged at 2680 x g for one 



59 

 

min followed by heat-denaturation in a T100™Thermal Cycler (Bio-Rad, USA) for three min at 72 °C. The 

heat denatured samples were then placed directly onto ice for two minutes, centrifuged for a further 

minute and placed into the TapeStation instrument for analysis. Again, a RIN value of over 7.0 (211) 

confirmed the RNA was undegraded and suitable for continuation to the SPUD assay. Samples that 

resulted in a concentration below the quantification threshold of the kit were excluded from further 

analysis. 

 

2.3.5 Spud assay for confirming absence of PCR inhibitors 

Inhibitors of PCR contained within the sample itself or from residual carryover of RNA purification 

reagents can interfere with accurate PCR-based quantification, justifying the use of the SPUD assay to 

ensure that RNA samples were free of inhibitors (212, Vermeulen, 2011 #346), thus minimising the risk of 

inaccuracies and false negatives in the final analytical stage. The SPUD assay is a quantitative PCR 

assay designed to amplify the phyB gene from potato (SPUD) template DNA in the presence of SPUD 

forward and reverse primers. All RNA sample concentrations were standardised to 5 ng/μL where 

possible by diluting concentrated RNA preparations with RNase-free water. RNA preparations with 

concentrations below five ng/μL were run without dilution, with the total sample volume containing RNA 

standardised to 19 μL.  

The total reaction volume was 10 μL, and the constituents are outlined in Table 6. Two master mixes 

were prepared; a SPUD master mix and a no template control (NTC) master mix. The SPUD master mix 

volume was multiplied according to the number of reactions required; the no template control master mix 

included 3.52 μL of PCR water, excluding the SPUD template. For controls, a known inhibitor, heparin, 

was included, and PCR water was used in the case of the no inhibitory controls (NICs).  
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Table 6. Constituents and concentrations of the SPUD assay master mix. 

Name Stock 

concentrations 

Final 

concentrations 

Volume per 10 uL 

reaction 

SPUD Forward Primer 10 μM 0.24 μM 0.24 μL 

SPUD Reverse primer 10 μM 0.24 μM 0.24 μL 

LightCycler® 480 SYBR Green 

Master Mix (Roche, Switzerland) 

2 x 1 x 5 μL 

SPUD template 1 x 105 copies/μL 10,000 copies 

per reaction 

0.1 μL 

PCR water   3.42 μL 

The reaction mixture was pipetted into a Rotor-Disc® 100 (Qiagen, Germany) tube ring containing 1 μL of 

either RNA, water (for NIC), heparin or water (for NTC) and 9 μL of the appropriate master mix to create a 

10 μLtotal volume reaction in each tube. All RNA samples were run in triplicate using the Rotor-gene 

6000 (Qiagen, Germany). Cycling conditions are outlined in Table 7.  

 

Table 7. PCR cycling conditions for the SPUD assay. 

Step Temperature (°C) Time (min) 

Polymerase activation 95 10 

DNA denaturation 95 10 s 

Primer annealing 55 15 s 

Primer extension (acquiring data 

on green channel this step) 

72 20 

Repeat steps 2-4, 39 times (40 

cycles in total) 

  

Melt analysis 72-95 (rising by 1 degree each step) 90 s first step 

5 s each step afterwards 
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The melt curves were first examined to ensure a single SPUD amplicon, which is known to have a melt 

peak at 80 °C (212). Subsequently, a threshold line was set at the exponential amplification phase of the 

amplification curves to determine a cycle threshold value. The mean cycle threshold (Ct) values of the 

reactions containing RNA samples were compared to the NICs. If a Ct difference of less than one was 

observed, the RNA samples were deemed inhibitor free and could proceed to cDNA synthesis (212).  

 

2.3.6 Complementary DNA (cDNA) synthesis 

The purified RNA was reverse transcribed into cDNA in this step. The iScript™ gDNA Clear cDNA 

Synthesis Kit (Bio-Rad) was used due to its convenient preblended iScript Reverse Transcription 

Supermix included in the kit. The preblended mixture contains Monoley murine leukaemia virus (MMLV) 

reverse transcriptase, dNTPs, oligo(dT), random primers and RNase inhibitor, eliminating the need to 

prepare a master mix, which has the benefit of ensuring consistency of the mixture. The protocol requires 

the addition of 4 μL of iScript Supermix to 16 uL of sample RNA (remaining from the previous 19 μL 

aliquoted for the SPUD assay (3 μL used) and 16 μL left for cDNA synthesis). The cDNA synthesis kit has 

the option of treating RNA samples with DNase prior to the cDNA synthesis, but this option was not used 

as a DNase-treatment was performed during the RNA purification process. 

After adding the iScript Reverse Transcription Supermix to the RNA template, tubes were mixed, 

centrifuged for 15 s at 2680 x g, then placed in a Bio-Rad T100 thermal cycler for the cDNA synthesis 

reaction to proceed as described in Table 8.  
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Table 8. Thermal cycling conditions for cDNA synthesis 

Step Temperature (°C) Time (min) 

Priming 25 5 

Reverse transcription 46 20 

RT inactivation 95 1 

Hold 4 Optional 

All cDNA reactions were diluted to standardised RNA equivalent at 1 ng/μL before the β-actin PCR 

reaction. 

 

2.3.7 β-actin PCR 

To ensure the successful synthesis of cDNA, a standard PCR was run using beta-actin as the gene 

target. All RNA samples were also subjected to the same PCR run to check for genomic DNA 

contamination that could indicate false-positive results in the synthesised cDNA. The reagents and their 

concentrations used in this PCR experiment are outlined in Table 9. 
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Table 9. Constituents for the β-actin PCR reaction. 

Reagent Stock concentration Final concentration Volume per 25 μL 

reaction 

β-actin Forward primer 10 μM 0.15 μM 0.375 μL 

β-actin Reverse primer 10 μM 0.15 μM 0.375 μL 

dNTP’s 10 mMol 0.2 mMol 0.5 μL 

MgCl2 25 mMol 1.5 mMol 1.5 μL 

PCR Water   18.45 μL 

Taq polymerase 5 U/μL 1.5 U/reaction 0.3 μL 

10x Buffer 10 x 1 x 2.5 μL 

 

Two master mixes were prepared to minimise the Taq polymerase enzyme activity at sub-optimal 

temperatures. Master mix 1 included the forward and reverse primers, dNTP's, MgCl2 and milli-Q water 

making a total dispensed volume of 21.2 μL per reaction, which was added first to each PCR tube, 

followed by 1 μL of RNA, cDNA, water for no template control or 1 μL of human corneal cDNA for the 

positive control. Finally, 2.8 μL of master mix 2 containing the Taq polymerase enzyme and the 10x buffer 

was added to each tube to make a total reaction volume of 25 μL per tube. The PCR reactions were 

mixed, centrifuged, and placed into the Bio-Rad T100 thermal cycler. The PCR was run using cycling 

conditions as outlined in Table 10. 
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Table 10. β-actin PCR cycling conditions. 

Step Temperature (°C) Time (min:sec) 

Initial denaturation 95 1:00 

DNA denaturation 95 0:30 

Primer annealing 55 0:30 

Primer extension 72 0:30 

Repeat steps 2-4, 35 times (total 35 cycles) 

Final extension 72 7:00 

Hold 12 ∞ 

 

2.3.8 β-actin gel electrophoresis 

All the beta actin PCR reactions from the previous step were resolved on agarose gels by electrophoresis 

to separate and identify amplified β-actin PCR product. A 2% agarose gel was made by mixing 2 grams of 

Agarose powder and 100 mL of 1 x TBE (90 mM Tris, 90 mM Boric acid, 1 mM EDTA pH 8.0) in a conical 

flask, and heating it in a microwave for 30 secs at a time until the agarose was completely dissolved. The 

conical flask was weighed before and after heating to account for evaporative loss, and the difference in 

the volume restored with milli-Q water. Additionally, 0.5 μL of GelRed® Nucleic Acid Gel Stain (Biotum) 

was pipetted into the dissolved 2% Agarose gel mixture and gently swirled to uniformly distribute the 

stain. A gel tray was prepared with a 1.5 mm, 20-well comb. The liquid Agarose mixture was poured into 

the gel tray and left to solidify at room temperature for 15 mins. After solidification, the gel comb was 

removed, and the gel tray was placed into an electrophoresis tank and filled beyond the top of the gel with 

1 x TBE solution, ensuring the gel was fully submerged.  

To allow identification of the separated DNA bands, 5 μL of 1 Kb Plus DNA ladder (ThermoFisher™, 

USA) was loaded to the first and last well of every row. A strip of Parafilm M® was taped to the bench, 



65 

 

and approximately 1 μL droplets of 10 x Bromophenol blue loading buffer (1% Sodium-dodecyl sulfate, 

50% glycerol, 0.05% Bromophenol blue) was aliquoted onto the surface with even spacing. A volume of 

10 μL of each PCR product was pipetted up and mixed with an individual loading buffer droplet by 

pipetting up and down, avoiding air bubbles and pipetted into the assigned well of the gel. The 

electrophoresis tank was connected up to the power supply, set to run at 100 volts for a minimum of 80 

min or until the bromophenol blue dye front had migrated two-thirds of the way along the length of the gel. 

Once the electrophoresis was complete the gel was imaged using the ChemiDoc™ MP Imaging System 

(Bio-Rad) on the GelRed setting. Any RNA samples that yielded an amplicon with beta-actin PCR,  

suggestingincomplete removal of genomic DNA and cDNA synthesis was repeated for these RNA 

samples with an additional DNase-treatment step as described in  

 

Table 11. 

 

Table 11. Thermal cycler conditions for additional DNase treatment of gDNA* contaminated RNA. 

Step Temperature ( C) Time (min) 

DNA digestion 25 5 

DNase inactivation 75 5 

Storage conditions 4; ice  

*Genomic DNA (gDNA) 

 

2.3.9 Droplet Digital PCR 

Droplet digital PCR (ddPCR) was conducted using the QX200 Droplet Digital PCR System (Bio-Rad) on 

the successful samples that showed adequate RNA quality and quantity, and were negative for inhibitors 

in the SPUD assay, and absence of B actin amplification in the RNA and positive B actin amplification in 

the synthesised cDNA (121). This was chosen as the method of final quantitation analysis for the genes 
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of interest due to greater precision, smaller sample requirement and the ability to detect smaller 

differences of one to two-fold with ddPCR, than quantitative PCR (qPCR) can offer (213). 

The three genes of interest (MMP-9, IL-8, IL-1β) along with seven reference genes (POLR2A, PPIA, 

HPRT1, B2M, TBP, GUSB, RPLP0) were analysed. Where possible, one gene of interest and one 

reference gene assay were multiplexed, while all remaining reference assays were run individually. The 

NTC for this assay was PCR water, and the positive control used was DNA from a human corneoscleral 

rim (NZ Eye Bank, New Zealand).  The plate was covered with a silicone seal and centrifuged for 2 

minutes at speed 480 x g. 

 

Table 12 shows the single reaction composition. The individual reaction components were multiplied by 

the number of required reactions to make up the master mixes. In a single-plex reaction, the missing 

volume for the lack of either a gene of interest assay or reference assay in the reaction, was made up 

with extra PCR water. The master mixes were prepared for the number of required reactions and 20.9 μL 

pipetted into tubes of a 96-well PCR plate using the QIAgility pipetting instrument (QIAGEN) to reduce 

pipetting error and contamination.  This was followed by pipetting of 1.1 μL of cDNA (or PCR water for the 

no template controls) to each tube as appropriate. The plate was covered with a silicone seal and 

centrifuged for 2 minutes at speed 480 x g. 

 

Table 12. Master mix constituents for ddPCR. 

Reagent Per 22 μL10F

11 reaction 

Gene of interest assay 1.1 μL 

Reference assay 1.1 μL 

ddPCR Supermix for Probes (No dUTP) (Bio-Rad, USA) 11 μL 

PCR water 7.7 μL 

 
11 Each 22 μL reaction included 1.1 μL of cDNA, or PCR water for the NTC in addition to the tabulated  
components. 
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Droplet generation was conducted by transferring 20 μL of each reaction mix and 70 μL of droplet 

generation oil to the appropriate wells of disposable DG8™ droplet generation cartridges. The cartridge 

was covered with a DG8™ Gasket and placed into the QX200 droplet generator. Following this, 40 μL of 

generated droplets were then transferred into the appropriate wells of a ddPCR 96-well PCR plate. Once 

all the samples were processed, the test plate was heat-sealed using a pierceable foil seal and the PCR 

run on the C1000 Touch™ Thermal Cycler using the programme outlined in Table 13. 

  

Table 13. PCR Cycling conditions for the ddPCR reaction.  

Step Temperature ( C) Time (min:sec) 

Enzyme activation 95 10:00 

DNA denaturation 94 0:30 

Primer annealing and extension 60 1:00 

Repeat steps 2-3, 39 times (total 40 cycles)   

Enzyme deactivation 98 10:00 

Hold 12 Infinite 

 

The completed PCR reaction plate was subsequently placed into the QX200™ Droplet Reader to quantify 

positive and negative droplets; all the wells were programmed with the name of the gene of interest and 

reference gene to be quantified using the Quantasoft software. 

When checking the results, a minimum of 10,000 droplets present for each well and a zero result for the 

NTC was required for a result to be valid. For each test, a threshold line was manually set between the 

positive and negative droplets in order to quantify the gene of interest (GOI) or reference gene (REF) 

present in each reaction. This confirmed the number of gene copies per μL. The threshold was set at 

3000 (units) for uniformity across all measurements. 
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2.3.10 Controlling for inter-run variability 

Inter-run variations were accounted for using an internal calibrator, processed for every gene target in 

every ddPCR reaction plate, using cDNA synthesised from human corneoscleral rim (NZ Eye Bank, New 

Zealand). Data were standardised to a cDNA concentration of 1.1 μL in a 22μL reaction. To account for 

any inter-run variability, the final gene expression quantities were standardised by dividing by the quantity 

result of the corneal cDNA. This was to allow for direct comparison of all samples from different reaction 

plates. 

 

2.3.11 Repeats and losses 

There were four reasons why samples might require repeat analysis in this study. 

1. The reaction did not meet the minimum 10,000 droplet threshold to give an accurate result. 

2. The NTC was positive indicating external contamination. 

3. The result was valid but was zero, therefore it was repeated with a greater input of cDNA from 1.1 to 

3.3 μL. If 3.3 μL of cDNA did not remain, the total remaining amount was used to repeat the run and 

the final concentration was calculated accordingly. 

4. The upper quantity limit for accuracy is 5000 copies/μL (as recommended by the manufacturer), so 

for B2M where there were many reactions producing quantities over 5000, the cDNA was diluted and 

the analysis repeated in order to obtain a result within the accurate quantitative range of the 

assay/instrument. These values were then adjusted for the dilution factor in order to compare with 

the other reactions that were not diluted. 

 

2.3.12 Normalisation of data 

NormFinder software (MOMA, Denmark) (214) was used to identify the most stably expressed and thus 

optimal normalisation reference genes within Microsoft Excel. The data were grouped into DED and 

nonDED diagnoses when undergoing NormFinder analysis (2). Normfinder was used to determine the 

best combination of two reference genes for normalisation. The geometric means of these two reference 
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genes for each cDNA sample were used to calculate a normalisation factor. All the results for MMP-9, IL-

8, and IL-1β were divided by the normalisation factor for each cDNA sample to generate calibrated 

normalised expression values which were used for all subsequent analyses reported within this thesis. 

 

2.4 Dry eye diagnosis 

This research project applied the consensus dry eye disease diagnostic criteria published by TFOS 

DEWS II in making a dry eye diagnosis, thus requiring the presence of signs and symptoms. The TFOS 

DEWS II Diagnostic Methodology report defined dry eye disease as requiring a positive symptom score 

combined with at least one positive marker indicating the loss of ocular surface homeostasis (2). 

Participants were considered positive for symptoms on the basis of their score on one of two validated dry 

eye questionnaires, the OSDI (score ≥ 13) (202) or the DEQ-5 (score ≥ 6) (201). In addition to positive 

patient symptomology, a positive marker for loss of homeostasis was also required, as indicated in Table 

14. 

 

Table 14. Dry eye diagnostic criteria as defined by the TFOS DEWS II Diagnostic Methodology report 

(2).11F

12  

Symptomology (1 of the following) Homeostasis Markers (1 of the following) 

DEQ-5 ≥ 6 

 

Non-invasive tear breakup time <10s 

OSDI ≥ 13 Osmolarity; ≥ 308 mOsm/L in either eye or interocular 

difference > 8 mOsm/L 

Ocular surface staining; >5 corneal spots, > 9 conjunctival 

spots or lid margin [≥2mm length & ≥25% width] 

 

 

 
12 A positive symptom score and a positive result for at least one homeostatic marker is required to make 
a dry eye diagnosis. 
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After a dry eye diagnosis was made, subclassification into aqueous deficiency, evaporative dry eye and 

mixed aetiology was made. ADDE was deemed to be present if the average TMH measured less than 

0.20mm (2) A lipid layer grade of ≤ 3 (1) on the modified Guillon-Keeler grading scheme or expressed 

meibum quality grade of ≥ 1 (1) were used to guide EDDE subcategorization. Mixed DED was present in 

cases where both the criteria for ADDE and EDE were met.

Figure 10. Subclassification criteria for evaporative, aqueous deficient or mixed etiology dry eye disease 

(2).

2.5 Statistical analysis

Statistical analyses for Chapter 3 were performed using GraphPad Prism 9.3.0 (GraphPad Software, San 

Diego, California). Inter-observer reproducibility was assessed using grouped column analysis. A 

normality test for the differences between grading scales confirmed that the data assumed a non-normal 

distribution (p<0.05) using Kolmogorov-Smirnov normality test. Spearman’s rank correlation coefficient 

testing tested association between the parameters and Bland-Altman analysis was used to assess 

agreement between testing conditions. 

Inter-instrument and inter-grading scale analysis considered grouped column analysis. Spearman’s rank 

correlation coefficient testing was used to confirm association, and Bland-Altman analysis was used to 

assess the level of agreement between the different instruments.

Dry eye diagnosis criteria met

Tear meniscus height < 0.20 mm (2)Lipid layer grade ≤ 3 (1)

Expressed meibum quality grade ≥1(1)

Evaporative DED Aqueous deficient DEDMixed Etiology



71 

 

Statistical analysis for Chapter 4 was performed using MedCalc for Windows, version 19.4 (MedCalc 

Software, Ostend, Belgium). Normality testing by Kolmogorov-Smirnov indicated the distribution of the 

data was non-normal (p<0.05), and the need for non-parametric tests in analysis of the data. Receiver 

operating characteristics (ROC) curve analysis to evaluate diagnostic accuracy, reported in Chapter 4. 

was performed using the methodology described by DeLong et al. (215). The C-statistic represents the 

area under the ROC curve which reflects the discriminative abilities of clinical tests to detect elevated 

MMP-9 levels. A statistically significant p-value of <0.05 was used to indicate where the diagnostic 

performance of clinical tests was greater than random chance. 
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Chapter 3. Inter-observer and Intra-observer 
repeatability of grading scales for conjunctival 
hyperaemia 

3.1 Introduction 

Ocular surface hyperaemia, commonly referred to as eye redness, is one of the four cardinal signs of 

inflammation, and its assessment in clinical practice contributes to the management decisions made by 

eyecare professionals (125). The subjectivity in judgement, resulting in limited inter-observer 

reproducibility and intra-observer repeatability amongst clinical grading scales, is recognised and 

objective grading systems for bulbar conjunctiva have been developed (126, 139, 216-218). These are 

available via software incorporated in diagnostic tools such as the R-scan function within the Keratograph 

5M described in Section 2.2.4. Peterson et al. found that automated grading of hyperaemia was up to 51 

times more sensitive and 16 times more reliable than subjective grading (134). Despite this, objective 

methods of grading bulbar redness are not widely used in clinical practice due to the need for specialised 

instrumentation and time constraints (136). Practitioners thus continue to make gross judgments of 

redness, recorded on a 4-point scale as none, mild, moderate or severe, or rely on matching their clinical 

impressions against one of a number of image-based grading scales. The current conjunctival 

hyperaemia grading scales vary in presentation, however, and depict progressive levels of bulbar 

conjunctival hyperaemia using a mixture of artistic impressions, photographs and computer generated 

images (129, 131). Understanding how well judgements of the severity of hyperaemia compare using 

different scales is important for clinicians in ensuring consistent diagnostic messaging for patients.  

Whether clinical grading in these ways provides a measure of actual ocular surface inflammation is a 

question that will be explored more fully in Chapters 4 and 5. In this chapter, a preliminary study is first 

reported, that sought to determine inter-observer reproducibility and intra-observer repeatability of three 

subjective grading scales commonly used by eye health professionals, and to compare outcomes to 

objective measurement of redness using the Oculus K5M. It was hypothesised that subjective grading of 

bulbar hyperaemia would correlate with objective grading of hyperaemia, and that intra-observer 

repeatability of hyperaemia grading would be superior to inter-observer reproducibility. 
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3.2 Methods 

3.2.1 Participants and observers 

Two bulbar conjunctival images from the nasal and temporal regions of the right eyes of 12 participants 

were captured on the Oculus K5M under white light illumination to provide a sample of 24 images. Ethical 

approval for the study was granted by the Auckland Health Research Ethics Committee (AHREC) as 

described in Chapter 2 and all participants provided written informed consent. The R-scan feature within 

the K5M software generated automated redness results reported relative to the 0-4 proprietary JENVIS 

scale.  

Five independent observers were asked to grade the series of 24 images that depicted a range of 

hyperaemia levels, against three different grading scales described in Section 3.2.2. All images were de-

identified, numerically labelled, then randomised using a random number generator to minimise any bias 

associated with grading images from the same eye. The randomised images were collated into a PDF 

document with a single image per page. The observers were requested to grade the set of randomised 

images against one grading scale at a time, without referring to their results from the other scales in an 

attempt to further reduce bias. A recording sheet created in Excel, which listed the image number, the 

subjective grading scale to be used and the hyperaemia grading in separate columns was provided. In 

each case, observers were requested to grade each image to the closest 0.1 and were instructed not to 

extrapolate beyond the given lower and upper limits of each system (131).  

 

3.2.2 Grading systems 

The subjective grading systems used in this study included the Efron grading scale, the BHVI grading 

scale and the VBR scale (129, 138, 219). The Efron and BHVI grading scales are both widely used in 

clinical practice (131). The Efron scale is a pictorial scale based on an artist’s drawing, ranging from 0 to 

4. The BHVI is a photographic scale ranging from 1 to 4. The VBR scale is a more recent 

psychophysically-developed scale that also is a photographic scale ranging from 0 to 100. The grading 

scales were described in detail in Section 1.5.1. 
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3.2.3 Data transformation 

The grading scale measurement ranges differ from one another; the Efron and K5M grading scale limits 

are 0 and 4, VBR-5 provides a measure from 0 to 100, and BHVI score ranges between 1 and 4. To 

facilitate direct comparison, a 0 to 4 range was chosen for standardisation, for practicality and clinical 

relevance, and the grading scale scores transformed accordingly. The BHVI grade (y) was transformed 

using the formula [y-1*4/3], and VBR grade (w), using the formula [w/100*4]. 

 

3.2.4 Reproducibility testing 

Inter-observer reproducibility for the five observers was confirmed using correlation testing for 

association, and the level of agreement between observers was evaluated by Bland-Altman analysis. 

Two observers repeated the subjective grading exercise on two separate occasions, five weeks apart, to 

allow assessment of intra-observer repeatability. 

Inter-instrument agreement was assessed by comparing the hyperaemia scores from the Efron, VBR-5 

and BHVI grading scales, to assess the mean difference and any bias or observable differences between 

the scales. Subjective grades were then compared to the objective hyperaemia (JENVIS scale) grades 

generated by the Oculus K5M. 
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3.3 Results 

Reflecting the levels of hyperaemia most commonly observed in clinical practice, the series of 24 images 

depicted a range of redness levels, with a majority corresponding to mild and moderate degrees of 

hyperaemia and fewer images depicting marked levels of hyperaemia. 

3.3.1 Inter-observer reproducibility 

Spearman’s rank correlation coefficient testing is presented in Figure 11. Positive correlations with r>0.5 

were detected between all observers, indicating moderate-to-high levels of correlation (220). All r values 

were associated with a p-value <0.05 confirming statistical significance of all correlations stated in Figure 

11. 

 

Figure 11. Spearman’s correlation matrix for inter-observer reproducibility 12F

13  

 

Bland-Altman analysis was conducted on the scores to assess the level of agreement between individual 

observers for each of the subjective grading scales. The mean difference (bias) across all five observers 

 
13 Values closer to +1 reflect a strong positive correlation relationship. The bar on the right is the colour 
legend corresponding to strong through to poor correlation scores. (p<0.05 for all correlations) 
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for each of the scales was 0.67, 0.29, and 0.21 for the BHVI, Efron, and VBR-5 bulbar hyperaemia 

grading scales, respectively.  

Table 15. BHVI scale inter-observer reproducibility as determined by Bland-Altman analysis. 

Observer  1 2 3 4 

2 Bias 

95% limits of 
agreement range 

-1.45 

0.71 

   

3 Bias 

95% limits of 
agreement range 

-1.53 

0.53 

-0.08 

0.46 

  

4 Bias 

95% limits of 
agreement range 

-1.59 

0.87 

-0.14 

0.72 

-0.06 

0.75 

 

5 Bias 

95% limits of 
agreement range 

-1.33 

0.82 

0.11 

0.67 

0.19 

0.59 

0.25 

0.84 

 

Table 16. Efron scale inter-observer reproducibility as determined by Bland-Altman analysis. 

Observer  1 2 3 4 

2 Bias 

95% limits of 
agreement range 

-0.21 

0.22 

   

3 Bias 

95% limits of 
agreement range 

0.10 

0.25 

0.31 

0.28 

  

4 Bias 

95% limits of 
agreement range 

-0.44 

0.49 

-0.23 

0.55 

-0.54 

0.46 

 

5 Bias 

95% limits of 
agreement range 

-0.38 

0.42 

-0.17 

0.46 

-0.48 

0.50 

0.06 

0.64 
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Table 17. VBR scale inter-observer reproducibility as determined in Bland-Altman analysis. 

Observer  1 2 3 4 

2 

 

Bias 

95% limits of 
agreement 
range 

0.44 

0.23 

   

3 Bias 

95% limits of 
agreement 
range 

0.31 

0.39 

-0.13 

0.31 

  

4 Bias 

95% limits of 
agreement 
range 

0.38 

0.31 

-0.06 

0.32 

0.08 

0.40 

 

5 Bias 

95% limits of 
agreement 
range 

0.21 

0.41 

-0.23 

0.36 

-0.10 

0.37 

-0.18 

0.47 

 

3.3.2 Intra-observer repeatability 

Repeated sets of grades generated by a single observer at two separate time points, were compared to 

assess intra-observer repeatability . Intra-observer repeatability assessment was undertaken for two 

participants, observers A and B. 
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Figure 12. Bland-Altman analysis of observer A's intra-observer repeatability 

 

         

Figure 13. Bland-Altman analysis of observer B's intra-observer repeatability 

 

Observer A displayed an average bias of -0.26 between their first and second grading exercise sessions 

across all three subjective scales for the same set of 24 randomised bulbar conjunctival pictures. The 

95% limits of agreement had an interval of 1.29, ranging from -0.89 to 0.37, and the plot is demonstrated 
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in Figure 12. Observer B’s repeated grading measurements showed a bias of 0.11, with 95% limits of 

agreement ranging from -0.46 to 0.69, giving a narrow interval of 1.15, as depicted in Figure 13. A small 

degree of heteroskedasticity is seen in Figure 13. 

 

3.3.3 Inter-instrument agreement 

Efron reported that a difference of one grade or more was both clinically relevant and statistically 

significant, when comparing grades between observers with a range of levels of experience (133) . This 

difference was adopted when assessing the inter-instrument agreement in the current thesis. In addition, 

the trend of the graph was also evaluated when comparing grading scales to identify systematic 

differences. 

 

3.3.4 Subjective grading method comparison 

    

Figure 14. Bland-Altman analysis of the difference between hyperaemia grades on BHVI vs Efron scales 

plotted against the mean hyperaemia score. 
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Figure 15. Bland-Altman analysis of the differences between hyperaemia grades on BHVI and VBR-5 

scales plotted against the mean hyperaemia grade. 

     

Figure 16. Bland-Altman analysis of the difference between hyperaemia grades assessed using the Efron 

and VBR-5 scales plotted against the mean hyperaemia grade from the Efron and VBR-5 scales. 
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The average bias between the BHVI and Efron scales was 0.23, with a standard deviation (SD) of 0.36 as 

graphically depicted in Figure 14. The 95% limits of agreement extend from -0.47 to 0.93, resulting in a 

range of 1.4 units.  The average bias between the BHVI and VBR-5 scale was 0.74, SD of 0.52 as shown 

in Figure 15. The total range of the 95% limits of agreement was 2.04, ranging between -0.28 and 1.76. 

The Efron and VBR-5 scale hyperaemia grades generated an average bias of 0.51, with a SD of 0.24. 

The 95% limits of agreement range from 0.04 to 0.98, resulting in a 95% confidence interval of 0.94 units 

as depicted in Figure 16. All three Bland-Altman plots demonstrate a proportional bias, with the difference 

in measurements between the two methods increasing with the magnitude of the measurements.  

 

3.3.4 Subjective vs objective agreement 

To assess agreement between subjective grading and that determined objectively, Bland-Altman analysis 

was performed for each of the subjective grading scales relative to the automated result obtained from 

the JENVIS scale (Oculus K5M). 

     

Figure 17. Bland-Altman analysis of the difference between BHVI vs JENVIS (R-Scan) scale hyperaemia 

grades plotted against the average hyperaemia score. 
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Figure 18. Bland-Altman analysis of the difference between Efron vs JENVIS (R-Scan) scale hyperaemia 

grades plotted against the average hyperaemia score. 

 

      

Figure 19. Bland-Altman analysis of the difference between VBR-5 vs JENVIS (R-Scan) scale 

hyperaemia grades plotted against the mean hyperaemia score.  
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The mean difference (bias) between the hyperaemia scores assessed using the BHVI and JENVIS scale 

was 0.95 with an SD of 0.76 as seen in Figure 17. The 95% limits of agreement ranged from -0.53 to 2.43 

resulting in a total confidence interval of 2.96 units. Figure 18 depicts the mean bias of 0.43 between the 

hyperaemia scores graded using the Efron and JENVIS scales, with an SD of 0.39. The 95% limits of 

agreement ranged from -0.35 to 1.20, resulting in a total range of 1.54 units. The mean bias between the 

VBR-5 and JENVIS scale hyperaemia scores was -0.08 with an SD of 0.29 (Figure 19). The 95% limits of 

agreement ranged from -0.65 to 0.49, producing a total range of 1.12 units.  
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3.4 Discussion 

Inter-observer reproducibility of bulbar redness grading is important when different clinicians manage the 

same patient in practice. Intra-observer repeatability is also important to ensure the individual clinician is 

able to manage patients consistently and as accurately as possible if anti-inflammatory treatments are to 

be considered and treatment efficacy to be monitored. Objective methods of grading bulbar hyperaemia 

have been shown to be more sensitive and reliable than subjective methods of evaluation (134). 

However, in general eye care practice, such instrumentation is not widely available, resulting in a majority 

of clinicians continuing to rely on readily accessible subjective grading scales as their instrument of 

choice for facilitating clinical recording (129, 138, 219). This chapter set out to explore inter-observer, 

intra-observer, and inter-instrument agreement to determine the subjective bulbar redness scale with the 

highest level of agreement with the objective measurement. 

The numerical scores resulting from bulbar hyperaemia grading can be useful for clinicians in guiding 

clinical treatment decisions. If follow-up measures are significantly different from the initial measure, this 

may prompt alteration of an existing treatment plan or initiation of a different treatment strategy. Efron has 

described that a clinically significant difference can be reflected mathematically as 1.96x standard 

deviation of the mean bias between two measures (133). Efron et al. determined that a 95% confidence 

interval of 1.0 grading scale unit can be considered both statistically significant and clinically meaningful 

(138). The following discussion will thus consider the 1.0 grade unit as a clinically meaningful difference 

among observers and instruments. If the mean bias is less than 1.0 and the 95% limits of agreement are 

narrow, the agreement can be considered to be within acceptable limits. 

Based on correlation analysis, the inter-observer agreement in hyperaemia scoring, was fairly high, with a 

favourable correlation of grading scores noted amongst the observers across each of the subjective 

grading scales (p<0.05). Bland-Altman analysis demonstrated that grading according to the VBR-5 scale 

presented the smallest inter-observer variation across the five observers. Between any individual pair of 

observers, the lowest mean bias produced was 0.06 signifying very close agreement for all images, and 

the highest was 0.44, which reassuringly fell well within the grade difference of 1.0, beyond which would 

be deemed clinically significantly different (133). The bulbar hyperaemia scoring assigned by the 

observers using the Efron scale was similar, with a mean bias of 0.29, and 95% range of agreement 

being within half a grade. The BHVI scale showed the highest mean bias across the five observers, with 
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the largest 95% limits of agreement range, indicating the poorest agreement for this scale. One observer 

when using the BHVI scale was noted to consistently score higher than the others, producing grades with 

a mean difference of more than 1 unit. When that observer was excluded from the mean difference 

calculation, the BHVI scale then demonstrated the lowest mean bias of 0.14, suggesting that increasing 

the observer sample size in testing the agreement between instruments may be advisable to reduce the 

risk of an individual’s results swaying the outcomes. It also raises a potential benefit of promoting 

consensus training for observers in group practices in an attempt to encourage consistency amongst 

clinician scoring. The reason why this was observed for the BHVI scale but not the others is unknown, but 

it was observed that, relative to the Efron and VBR-5 grading scales, the BHVI scale focuses mainly on 

the redness parameter reflected by the increased number of blood vessels, without changing the 

background redness hue. This might suggest that the inter-observer variability may be influenced by the 

different parameters favoured by the different instruments to reflect the severity of bulbar conjunctival 

hyperaemia. 

Two observers independently repeated the subjective grading exercise in order to establish intra-observer 

repeatability in hyperaemia grading. Both observers demonstrated a high level of repeatability in 

replicating their initial scores. Observer A showed high levels of repeatability based on fairly narrow limits 

of agreement, grading approximately quarter of a grade higher on the second grading assessment. 

Observer B showed even tighter repeatability, with the second grading assessment showing a very slight 

decrease in the mean grade. In both cases, the variability fell well within a clinically meaningful difference 

of 1.0 grade (133). A small degree of heteroskedasticity is seen with observer B’s repeated measures in 

Figure 13, indicating decreased consistency when grading more marked hyperaemia with scores above a 

grade of 1.5. 

The inter-instrument comparisons between the Efron and BHVI and between Efron and VBR-5 grading 

scales showed a good level of agreement, however the BHVI vs VBR-5 grading scales showed poorer 

agreement. The BHVI and Efron bulbar hyperaemia grading scales had the best agreement with a small 

mean bias and narrow 95% limits of agreement. The mean bias of 0.74 in hyperaemia scores between 

the BHVI and VBR-5 suggests only moderate agreement, and the wide 95% confidence limits of 2.04 

grading units represents a clinically significant difference between the two methods ( 1.0) confirming that 

the two instruments are not comparable. Scores obtained using the Efron scale and VBR-5 scale were on 
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average half a grade apart, as shown in Figure 16. The proportional bias indicated between all the 

grading scales indicate that the methods are not interchangeable.  

The grading results obtained subjectively from the three grading scales were each compared with 

objective hyperaemia scores from the Red-Scan function on the Oculus K5M, which depicts outcomes 

relative to the proprietary JENVIS grading scale. Analysis showed that the hyperaemia scores obtained 

using the VBR-5 scale demonstrated the best agreement with the objective automated grading, with 

minimal bias that was unaffected by hyperaemia severity, and narrow limits of agreement centred around 

a mean difference of zero. The VBR-5 vs JENVIS method comparison was also the only plot in this 

section (Figure 19) that did not demonstrate proportional bias, suggesting the results are not only 

agreeable but are closest to being considered interchangeable.  

A grading score above a difference of 1 was found between the BHVI and JENVIS scores, which is within 

the range considered clinically significantly different, indicating that there is little agreement between 

these two instruments. Comparing subjective grading scores from the Efron with the objective JENVIS 

grading score, shows generally scores assigned via the Efron grading scale are generally higher than 

those from the automated assessment, but the difference was similar across all severity levels. 

Additionally, the linear regression trend shown in Figure 17 indicates a proportional bias, where the 

difference is greater for more marked hyperaemia reflected in scores above 1.5. This suggests that the 

BHVI and Efron grading scale are not interchangeable with the automated JENVIS scale. 

 

3.4.1 Limitations and future directions 

Graders were encouraged to take breaks but it is possible that observer fatigue may have influenced the 

scoring consistency in this study, based on the somewhat unnatural exercise of being asked to grade 

many images multiple times. The BHVI scale was the final grading scale of the set, and it is not 

inconceivable that the higher variability observed with this scale compared to the others could indicate an 

order effect. Future studies could randomise the order of presentation of the grading scales to mitigate 

against a possible order effect. The data were transformed to a 0 to 4 scale in each case in order to allow 

for direct comparisons between different grading scales. Wolffsohn et al. found unequal increments 

between grading scale images in the Efron and BHVI scales, which followed a quadratic, rather than 
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linear pattern, as the severity increased (135). Conversely, the VBR-5 scale was developed in a linear 

pattern with 10 photographs, with increments derived according to chromaticity as determined by a 

spectrophotometer (129). This irregularity in the step increments within different grading scales lends 

support to the current study’s findings that the scales cannot be used interchangeably. The linear nature 

of the increments within both the VBR-5 and JENVIS grading scales make them much more likely to 

compare favourably as supported by the current study findings. In future, refinement of grading scales to 

use similar, more objectively defined incremental steps would be expected to improve inter-instrument 

agreement. 

A lack of images with marked severity of bulbar hyperaemia was another limitation in this study. As only 

2% of the scores given by the five observers were above a grade of 3, the agreement between 

instruments and observers cannot be extrapolated for higher severities of bulbar redness. This arguably 

is an important point to address in future research, especially for intra-observer repeatability as the higher 

levels of bulbar hyperaemia are more likely to be associated with the patient cases requiring 

consideration for therapeutic intervention.   

Previous research has recommended subjectively estimating hyperaemia scores to the closest 0.1 to 

improve precision in inter-observer reproducibility studies (137, 221), although in clinical practice, eyecare 

practitioners still tend to grade to the nearest integer (221). A study conducted by Vianya-Estopa et al., to 

assess precision, had both inexperienced and experienced observers grade to the nearest 0.1 and 0.5. It 

was found that grading to the nearest 0.5 resulted in closer alignment in scoring between observers in 

both groups, and it is possible this may have offered greater levels of agreement between observers in 

the current study had increments of 0.5 been utilised.  

The small pool of observers is a limitation of this study, and future studies would benefit from the 

recruitment of a larger and more broad range of observers, with different levels of experience, in order for 

results to be most widely applicable in different clinical settings where clinician experience can vary. 

Furthermore, as alluded to earlier, there may be value in exploring whether inter-observer reproducibility 

could be improved for hyperaemia grading through consensus training, as was demonstrated in a study 

seeking to improve inter-observer agreement in manual immune cell quantification (222). Finally, caution 

is warranted in drawing conclusions from the outcomes of this study where the subjective grading was 

compared to objective hyperaemia grading based on a single device, in this case the Oculus Keratograph 
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5M. The proprietary software used to assess bulbar conjunctival redness in each diagnostic instrument 

will vary according to detection thresholds set by the manufacturer which could impact the results should 

the same study be conducted with a different automated diagnostic device. 
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3.5 Conclusion 

Intra-observer repeatability and inter-observer reproducibility using three subjective grading scales was 

found to be similar, and the mean bias was less than the clinically significant difference (1.0 grading scale 

unit). The mean difference in grading seen in the intra-observer repeatability testing was around 0.1-0.3 

which clinically does not have any implications due to the small difference. Inter-observer repeatability 

tested in this study was also good using the Efron and VBR-5 grading scale. Greater variation of more 

than 1.0 grading scale units was observed with the BHVI grading scale, although this may have been 

influenced by a single observer who scored noticeably more highly than the others, highlighting the 

importance of repeating such studies with a larger number of observers. Nevertheless, similar to other 

studies, the results suggest that caution should be applied when using clinical grading scales and they 

cannot be considered interchangeable. It suggests that clinicians should assess patients, where possible, 

using the same grading scale. The results would further suggest that if different clinicians are managing 

the same patient base within a clinical practice, that the same grading scale should be adopted by all 

clinicians within the practice. Objective grading of hyperaemia has been confirmed to offer the best 

repeatability in a clinical setting, (134) however, where this is not feasible due to resource constraints, the 

VBR-5 grading scale might be considered the most useful of the clinical tools tested in this study for 

assessing bulbar hyperaemia, based on its closest alignment with objective testing. 

As described in Chapter 1, there remains a lack of scientific evidence confirming which diagnostic tests 

are optimal for use in the clinical setting for assessing ocular surface inflammation. The following chapter 

reports the results of the main study of this thesis which explores the relative diagnostic utility of various 

objective and subjective clinical tools that can be used in clinical practice to identify ocular surface 

inflammation. 
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Chapter 4. Results: Diagnostic utility of inflammation 
markers 
This chapter outlines the main outcomes of the statistical analyses described in Section 2.5 in which the 

primary objective was to evaluate the diagnostic utility of clinical tests in identifying elevated levels of gene 

expression data for MMP-9, IL-8 and IL-1β. 

 

4.1 Participant characteristics 

A total of 53 subjects satisfied the inclusion criteria as outlined in Section 2.1. Subsequently, six samples 

were unusable in the laboratory process due to poor RNA integrity and contamination, as described in 

Section 2.4.11, therefore samples from 47 subjects were included in the overall statistical analysis for this 

study. The participant characteristics including demographic and clinical test information are shown in Table 

18. DED subtype was classified according to the criteria outlined in Figure 10. The severity classification of 

the disease was made according to Table 19 (1). 

 

Table 18. Participant characteristics including demographic and clinical characteristics. 

Characteristics  

Demographic features  

Age (median, range) 53 (22-82) 

Female gender 37 (79%) 

Dry eye diagnosis  

TFOS DEWS II dry eye diagnostic criteria 37 (79%) 

Mild-to-moderate dry eye classification 5 (14%) 

Moderate-to-severe dry eye classification 32 (86%) 

Evaporative dry eye subtype 28 (75%) 

Aqueous dry eye subtype 1 (3%) 

Mixed EDDE and ADDE dry eye 8 (22%) 

 DED13F

14 Non-DED 

Dry eye symptomology   

Ocular Surface Disease Index score (out of 100) 37 (6-79) 14 (0-37) 

 
14 DED diagnosis as per the TFOS DEWS II diagnostic methodology report (2) 
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Dry Eye Questionnaire 5 (out of 22) 12 (5-19) 6.5 (0-14) 

Tear film parameters   

Non-invasive tear film break-up time (s) 7 (2-18) 12 (8-20) 

Highest tear film osmolarity (mOsmol/L) 302 (283-

384) 

297 (279-

315) 

Interocular difference in tear film osmolarity (mOsmol/L) 10 (1-76) 5 (1-10) 

Tear meniscus height (mm) 0.29 (0.11-

0.44) 

0.35 (0.20-

0.37) 

 

Table 19. Classification criteria for severity of dry eye disease (1). 

Diagnostic test Mild to moderate DED Moderate to Severe DED 
Ocular Surface Disease Index (out of 100) 13 22 

Non-invasive tear film stability (s) <10 <5 

Tear film osmolarity (mOsm/L) 308 320 

Interocular difference in osmolarity (mOsm/L) >8 >12 

 

 

4.2 Correlation Tests 

4.2.1 Statistical analysis 

Kolmogorov-Smirnov testing demonstrated that the majority of parameters were non-normally distributed 

(all P<0.05). Spearman’s rank correlation testing was therefore used to test the association between 

clinical and laboratory markers of inflammation. To assist with understanding correlation directions, the 

details for the grading schemes used for each test are outlined in Table 20. All significant findings 

(p<0.05) are highlighted in Table 21.  

 

4.2.2 Clinical markers of inflammation 

Of the clinical markers of inflammation listed in Table 21, the subjective bulbar hyperaemia grading 

scores from the Efron and VBR-5 grading schemes were significantly correlated to each other, to the 

objective K5M bulbar hyperaemia scores and to the dry eye validated questionnaire scores from the 

OSDI and DEQ-5.  
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4.2.3 Laboratory derived markers of inflammation 

The laboratory derived marker of inflammation MMP-9 was significantly correlated with the DEQ-5 score, 

NIKBUT, lipid layer grading but not with subjective or objective hyperaemia grades. IL-8 levels were found 

to be significantly correlated with IL-1β levels.  

 

4.2.4 Ocular surface integrity 

The Ocular Surface Inflammation Evaluation (OSIE®) test was significantly correlated to the lipid layer 

grades and IL-1β concentrations. Ocular surface staining scores, which represent a combination of 

corneal (NaFl) and conjunctival (lissamine green) scores, did not correlate with any clinical or laboratory 

markers of inflammation, nor any other individual TFOS DEWS II diagnostic DED marker or 

subclassification markers. 
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Table 20. Grading schemes for evaluating clinical and laboratory inflammation markers and dry eye 

diagnostic markers.14F

15 

Test Grading 
scheme Range Scale 

Clinical/Laboratory 
marker of inflammation 
or TFOS DEWS II Dry 

eye disease diagnostic 
or subclassification 

marker 
InflammaDry® 
 

  0=Positive result 
1=Negative result 

Clinical 

Clinical 
impression of 
hyperaemia 
(ClinicImp) 

Gross analysis Increasing 
severity 

None, mild, moderate, 
severe 

Clinical 

Subjective Efron 
(EFRON) 

Efron bulbar 
hyperaemia 

Ascending 
severity 

0-4 Clinical 

Objective K5M 
(K5M) 

JENVIS Ascending 
severity 

0-4 Clinical 

Subjective VBR-5 
(VBR-5) 

VBR-5 Ascending 
severity 

0-100 Clinical 

Ocular surface 
staining (Staining) 

 Ascending 
severity 

Out of 55 Clinical 

Ocular Surface 
Inflammatory 
Evaluation 
(OSIE®) 

 Ascending 
severity 

0-100% Clinical 

TFOS DEWS II Dry 
eye diagnosis (Dry 
eye) 

 0=Negative 
1=Positive 

0=TFOS DEWS II 
diagnostic criteria not met 
1=TFOS DEWS II 
diagnostic criteria met 

Dry eye diagnosis 

Ocular surface 
disease index 

 Ascending 
severity 

 Dry eye diagnosis 

Dry eye 
questionnaire-5 

 Ascending 
severity 

 Dry eye diagnosis 

Non-invasive 
keratograph 
break-up time 
(NIKBUT) 

 Descending 
severity 

 Dry eye diagnosis 

Highest 
osmolarity 
(HighOSM) 

 Ascending 
severity 

 Dry eye diagnosis 

Difference in 
osmolarity 
(DiffOSM) 

 Ascending 
severity 

 Dry eye diagnosis 

Tear meniscus 
height (TMH) 

 Descending 
severity 

 Dry eye 
subclassification 

Lipid layer (Lipid) Modified 
Guillon-Keeler 

Descending 
severity 

 Dry eye 
subclassification 

Matrix 
metalloproteinase-
9 (MMP-9) 

 Continuous  Laboratory 

Interleukin-8 (IL-8)  Continuous  Laboratory 
Interleukin-1β (IL-
1β) 

 Continuous  Laboratory 

 
15 Legend. K5M= Oculus keratograph 5M, VBR-5= Validated bulbar redness 5 grading scale 
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4.3 Association between global dry eye markers and ocular 

inflammatory biomarkers  

ROC analysis was performed to assess whether the TFOS DEWS II global dry eye indices that are 

central to all forms of dry eye, irrespective of subtype (symptomology, tear film stability, tear osmolarity 

and ocular surface staining), could predict elevated ocular inflammatory biomarker levels (MMP-9, IL-8 

and IL-1β) in the conjunctiva analysed with laboratory techniques described in Section 2.3. In other 

words, this section was used to identify the risk factors for clinically significant ocular surface 

inflammation. 

 

4.3.1 Global dry eye disease markers and their ability to predict elevated levels of MMP-9 

mRNA transcripts 

The dry eye diagnostic marker which demonstrated the highest predictive ability for elevated levels of 

MMP-9 was non-invasive tear break-up time (NIBUT) [C-statistic 0.747, 95% CI (0.599-0.862), p=0.0017, 

Youden optimal diagnostic cut-off ≤ 5.8 s] as shown in Table 22. In addition, the DEQ-5 score [C-

statistic=0.688, 95% CI (0.529-0.808), p=0.0205, Youden cut-off >9], OSDI [C-statistic=0.680 95% CI 

(0.529-0.808), p= 0.028, Youden cut-off >33.3] and overall diagnosis of dry eye disease using the TFOS 

DEWS II criteria [C-statistic=0.652, 95% CI (0.499-0.785), p=0.0002] all showed statistically significant 

predictive accuracy in detecting elevated levels of MMP-9 mRNA transcripts. Among the ADDE and EDE 

subclassification markers tested, only lipid layer thickness grading demonstrated significant prognostic 

value for identifying elevated MMP-9 levels [C-statistic=0.685, 95% CI (0.533-0.813), p=0.033, Youden 

optimal diagnostic cut-off ≤2]. 
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4.3.2 Global dry eye disease markers and their ability to predict elevated levels of IL-8 

mRNA transcripts 

Results in 

Table 23 highlights that none of the global dry eye disease markers tested in this study demonstrated 

significant discriminative ability for predicting elevated levels of IL-8 mRNA transcripts (all p>0.05).  

 

4.3.3 Global dry eye disease markers and their ability to predict elevated levels of IL-1β 

mRNA transcripts  

Results outlined in Table 24 demonstrate that none of the global dry eye indices were able to predict the 

presence of the IL-1β biomarker (p > 0.05 in all cases). 



97
 

 Ta
bl

e 
22

. G
lo

ba
l d

ry
 e

ye
 m

ar
ke

rs
 v

er
su

s 
pr

es
en

ce
 o

f l
ab

or
at

or
y 

M
M

P-
9 

bi
om

ar
ke

rs
.16F17

  

 
D

ED
 D

ia
gn

os
is

 
H

om
eo

st
at

ic
 m

ar
ke

rs
 

Sy
m

pt
om

ol
og

y 
D

ED
 S

ub
ty

pe
 m

ar
ke

rs
 

 
TF

O
S 

D
EW

S 
II 

cr
ite

ria
 

– 
pr

es
en

ce
/ a

bs
en

ce
 

N
IB

U
T 

s 

H
ig

hO
SM

 

m
O

sm
/L

 

D
iff

O
SM

 

m
O

sm
/L

 

D
EQ

-5
 s

co
re

 
O

SD
I s

co
re

 
TM

H
 

m
m

 

Li
pi

d 
la

ye
r 

gr
ad

e 

C
-s

ta
tis

tic
 (9

5%
 

C
I) 

0.
65

2 
(0

.4
99

-0
.7

85
) 

0.
74

7 
(0

.5
99

-
0.

86
2)

 
0.

63
2 

(0
.4

79
-

0.
76

8)
 

0.
52

9 
(0

.3
78

-
0.

67
6)

 
0.

68
8 

(0
.5

37
-

0.
81

5)
 

0.
68

0 
(0

.5
29

-
0.

80
8)

 
0.

59
1 

(0
.4

38
-

0.
73

2)
 

0.
68

5 
(0

.5
33

-
0.

81
3)

 

P-
va

lu
e 

0.
00

02
* 

0.
00

17
* 

0.
18

6 
0.

76
6 

0.
02

1*
 

0.
02

8*
 

0.
34

7 
0.

03
3*

 

Yo
ud

en
 o

pt
im

al
 

di
ag

no
st

ic
 c

ut
-o

ff 
 

≤5
.8

 
≤2

98
 

>1
2 

>9
 

>3
3.

3 
≤0

.2
1 

≤2
 

Se
ns

iti
vi

ty
, %

 (9
5%

 
C

I) 
 

79
 (4

9-
95

) 
64

 (3
5-

87
) 

36
 (1

3-
65

) 
93

 (6
6-

10
0)

 
64

 (3
5-

87
) 

36
 (1

3-
65

) 
57

 (2
9-

82
) 

Sp
ec

ifi
ci

ty
, %

 (9
5%

 
C

I) 
 

76
 (5

8-
89

) 
70

 (6
1-

84
) 

79
 (6

1-
91

) 
39

 (2
3-

58
) 

67
 (4

8-
82

) 
88

 (7
2-

97
) 

70
 (5

1-
84

) 

Po
si

tiv
e 

lik
el

ih
oo

d 
ra

tio
 (9

5%
 C

I) 
 

3.
24

 (1
.6

7-
6.

29
) 

2.
12

 (1
.1

1-
4.

06
) 

1.
68

 (0
.6

4-
4.

41
) 

1.
55

3 
(1

.1
2-

2.
09

) 
1.

93
 (1

.0
4 -

3.
59

) 
2.

95
 (0

.9
3 -

9.
37

) 
1.

89
 (0

.9
5 -

3.
75

) 

N
eg

at
iv

e 
lik

el
ih

oo
d 

ra
tio

 
(9

5%
 C

I) 

 
0.

28
 (0

.1
0-

0.
79

) 
0.

51
 (0

.2
4-

1.
07

) 
0.

82
 (0

.5
3-

1.
25

) 
0.

18
 (0

.0
26

-
1.

26
) 

0.
54

 (0
.2

5-
1.

13
) 

0.
73

 (0
.4

9-
1.

10
) 

0.
61

 (0
.3

2-
1.

17
) 

 
 

 
 

 
 

 
 

 

 
17

 A
st

er
is

ks
 d

en
ot

e 
st

at
is

tic
al

ly
 s

ig
ni

fic
an

t d
iff

er
en

ce
s 

(p
<0

.0
5)

. A
bb

re
vi

at
io

ns
. N

IB
U

T=
 N

on
-in

va
si

ve
 b

re
ak

-u
p 

tim
e,

 H
ig

hO
SM

= 
H

ig
he

st
 o

sm
ol

ar
ity

 b
et

w
ee

n 
th

e 
tw

o 
ey

es
, 

D
iff

O
SM

= 
D

iff
er

en
ce

 in
 o

sm
ol

ar
ity

 b
et

w
ee

n 
th

e 
tw

o 
ey

es
, D

EQ
-5

= 
D

ry
 e

ye
 q

ue
st

io
nn

ai
re

-5
, O

SD
I=

 O
cu

la
r s

ur
fa

ce
 d

is
ea

se
 in

de
x,

 T
M

H
= 

Te
ar

 m
en

is
cu

s 
he

ig
ht

 

 



98
 

  Ta
bl

e 
23

. G
lo

ba
l d

ry
 e

ye
 m

ar
ke

rs
 v

er
su

s 
pr

es
en

ce
 o

f l
ab

or
at

or
y 

IL
-8

 b
io

m
ar

ke
rs

. 17F18
  

 
D

ED
 D

ia
gn

os
is

 
H

om
eo

st
at

ic
 m

ar
ke

rs
 

Sy
m

pt
om

ol
og

y 
Su

bc
at

eg
or

is
at

io
n 

m
ar

ke
rs

 

 
TF

O
S 

D
EW

S 
II 

cr
ite

ria
 

– 
pr

es
en

ce
/ a

bs
en

ce
 

N
IK

BU
T 

s 

H
ig

hO
SM

 

m
O

sm
/L

 

D
iff

O
SM

 
m

O
sm

/L
 

D
EQ

-5
 

sc
or

e 
O

SD
I s

co
re

 
TM

H
 

m
m

 

Li
pi

d 
la

ye
r g

ra
de

 

C
-s

ta
tis

tic
 

(9
5%

 C
I) 

0.
58

1 
(0

.4
28

-0
.7

23
) 

0.
50

5 
(0

.3
56

-
0.

65
4)

 
0.

55
4 

(0
.4

02
-

0.
69

9)
 

0.
62

0 
(0

.4
66

-
0.

75
7)

 

0.
54

5 
(0

.3
94

-
0.

69
1)

 

0.
60

6 
(0

.4
53

-
0.

74
5)

 
0.

50
5 

(0
.3

56
-

0.
65

4)
 

0.
61

1 
(0

.4
57

-0
.7

49
) 

P-
va

lu
e 

0.
17

5 
0.

95
1 

0.
53

3 
0.

15
3 

0.
59

8 
0.

22
4 

0.
95

1 
0.

17
5 

Yo
ud

en
 

op
tim

al
 

di
ag

no
st

ic
 

cu
t-o

ff 

 
>1

1.
79

 
>3

06
 

≤4
 

>1
5 

>4
7.

9 
≤0

.2
8 

≤2
 

Se
ns

iti
vi

ty
, %

 
(9

5%
 C

I)  
 

25
 (1

0-
47

) 
42

 (2
2-

63
) 

54
 (3

3-
74

) 
25

 (1
0-

47
) 

38
 (1

9-
59

) 
63

 (4
1-

81
) 

46
 (2

6-
67

) 

Sp
ec

ifi
ci

ty
, %

 
(9

5%
 C

I) 
 

91
 (7

2-
99

) 
78

 (5
6-

93
) 

70
 (4

7-
87

) 
96

 (7
8-

10
0)

 
10

0 
(8

5-
10

0)
 

57
 (3

5-
77

) 
70

 (4
7-

87
) 

Po
si

tiv
e 

lik
el

ih
oo

d 
ra

tio
 (9

5%
 C

I) 

 
2.

87
 (0

.6
4-

12
.8

2)
 

1.
92

 (0
.7

7-
4.

75
) 

1.
78

 (0
.8

7-
3.

65
) 

5.
75

 (0
.7

5-
44

.1
5)

 
- 

1.
44

 (0
.8

2-
2.

52
) 

1.
51

 (0
.7

1-
3.

24
) 

N
eg

at
iv

e 
lik

el
ih

oo
d 

ra
tio

 (9
5%

 C
I) 

 
0.

82
 (0

.6
3—

1.
07

) 
0.

75
 (0

.5
0-

1.
11

) 
0.

66
 (0

.3
9-

1.
10

) 
0.

78
 (0

.6
1-

1.
00

) 
0.

63
 (0

.4
6-

0.
85

) 
0.

66
 (0

.3
5-

1.
24

) 
0.

78
 (0

.4
9-

1.
23

) 

 
18

 A
st

er
is

ks
 d

en
ot

e 
st

at
is

tic
al

ly
 s

ig
ni

fic
an

t d
iff

er
en

ce
s 

(p
<0

.0
5)

. A
bb

re
vi

at
io

ns
. N

IK
BU

T=
 N

on
-in

va
si

ve
 k

er
at

og
ra

ph
 b

re
ak

-u
p 

tim
e,

 H
ig

hO
SM

= 
H

ig
he

st
 o

sm
ol

ar
ity

 b
et

w
ee

n 
th

e 
tw

o 
ey

es
, D

iff
O

SM
= 

D
iff

er
en

ce
 in

 o
sm

ol
ar

ity
 b

et
w

ee
n 

th
e 

tw
o 

ey
es

, D
EQ

-5
= 

D
ry

 e
ye

 q
ue

st
io

nn
ai

re
-5

, O
SD

I=
 O

cu
la

r s
ur

fa
ce

 d
is

ea
se

 in
de

x,
 T

M
H

= 
Te

ar
 m

en
is

cu
s 

he
ig

ht
 

 



99
 

 

 

Ta
bl

e 
24

. G
lo

ba
l d

ry
 e

ye
 m

ar
ke

rs
 v

er
su

s 
pr

es
en

ce
 o

f l
ab

or
at

or
y 

IL
-1
β 

bi
om

ar
ke

rs
. 18F19

  

 
D

ED
 D

ia
gn

os
is

 
H

om
eo

st
at

ic
 m

ar
ke

rs
 

Sy
m

pt
om

ol
og

y 
Su

bc
at

eg
or

is
at

io
n 

m
ar

ke
rs

 

TF
O

S 
D

EW
S 

II 
cr

ite
ria

 –
 

pr
es

en
ce

/ 
ab

se
nc

e 

N
IK

BU
T 

s 

H
ig

hO
SM

 

m
O

sm
/L

 

D
iff

O
SM

 

m
O

sm
/L

 

D
EQ

-5
 s

co
re

 
O

SD
I s

co
re

 
TM

H
 

m
m

 

Li
pi

d 
la

ye
r 

gr
ad

e 

C
-s

ta
tis

tic
 (9

5%
 C

I) 
0.

53
8 

(0
.3

87
-

0.
68

4)
 

0.
59

6 
(0

.4
43

-
0.

73
7)

 
0.

52
2 

(0
.3

71
-

0.
67

0)
 

0.
54

4 
(0

.3
93

-
0.

69
0)

 
0.

53
1 

(0
.3

80
-

0.
67

8)
 

0.
51

5 
(0

.3
65

- 0
.6

64
) 

0.
56

9 
(0

.4
16

-
0.

71
2)

 

0.
58

6 
(0

.4
33

-
0.

72
8)

 

P-
va

lu
e 

0.
53

0 
0.

27
1 

0.
80

2 
0.

60
7 

0.
72

2 
0.

85
9 

0.
42

7 
0.

30
0 

Yo
ud

en
 o

pt
im

al
 

di
ag

no
st

ic
 c

ut
-o

ff 
 

≤7
.9

0 
>3

13
 

≤1
0 

 

>1
3 

≤2
2.

5 
> 

0.
28

 
≤1

 

Se
ns

iti
vi

ty
, %

 (9
5%

 
C

I) 
 

71
 (4

9-
87

) 
21

 (7
-4

2)
 

75
 (5

3-
90

) 
38

 (1
9-

59
) 

46
 (2

6-
67

) 
67

 (4
5-

84
) 

25
 (1

0-
47

) 

Sp
ec

ifi
ci

ty
, %

 (9
5%

 
C

I) 
 

57
 (3

5-
77

) 
96

 (7
8-

10
0)

 
44

 (2
3-

66
) 

78
 (5

6-
93

) 
70

 (4
7-

87
) 

57
 (3

5-
77

) 
91

 (7
2-

99
) 

Po
si

tiv
e 

lik
el

ih
oo

d 
ra

tio
 (9

5%
 C

I) 
 

1.
63

 (0
.9

6-
2.

77
) 

4.
79

 (0
.6

0-
37

.9
5)

 
1.

33
 (0

.8
7-

2.
03

) 
1.

73
 (0

.6
8-

4.
38

) 
1.

51
 (0

.7
1-

3.
21

) 
1.

53
 

(0
.8

9-
2.

64
) 

2.
87

 (0
.6

4-
12

.8
2)

 

N
eg

at
iv

e 
lik

el
ih

oo
d 

ra
tio

 (9
5%

 C
I) 

 
0.

52
 (0

.2
5-

1.
06

) 
0.

83
 (0

.6
6-

1.
03

) 
0.

58
 (0

.2
5-

1.
33

) 
0.

80
 (0

.5
5-

1.
16

) 
0.

78
 (0

.4
9-

1.
23

) 
0.

59
 

(0
.3

0-
1.

15
) 

0.
82

 (0
.6

3-
1.

07
) 

 
19

 A
st

er
is

ks
 d

en
ot

e 
st

at
is

tic
al

ly
 s

ig
ni

fic
an

t d
iff

er
en

ce
s 

(p
<0

.0
5)

. A
bb

re
vi

at
io

ns
. N

IK
BU

T=
 N

on
-in

va
si

ve
 k

er
at

og
ra

ph
 b

re
ak

-u
p 

tim
e,

 H
ig

hO
SM

= 
H

ig
he

st
 o

sm
ol

ar
ity

 
be

tw
ee

n 
th

e 
tw

o 
ey

es
, D

iff
O

SM
= 

D
iff

er
en

ce
 in

 o
sm

ol
ar

ity
 b

et
w

ee
n 

th
e 

tw
o 

ey
es

, D
EQ

-5
= 

D
ry

 e
ye

 q
ue

st
io

nn
ai

re
-5

, O
SD

I=
 O

cu
la

r s
ur

fa
ce

 d
is

ea
se

 in
de

x,
 

TM
H

=T
ea

r m
en

is
cu

s 
he

ig
ht

 



100 

 

 

4.4 Predictive ability of clinical biomarkers of inflammation to detect 

ocular surface inflammation 

A range of clinical tests that are widely considered to be markers of inflammation, or have more recently 

been proposed to indicate inflammation, were assessed in this study as outlined in Table 25. The markers 

were tested for their diagnostic utility in detecting laboratory-derived ocular inflammatory biomarker levels 

(MMP-9, IL-8 and IL-1β).  

 

Table 25. Clinical measures of inflammation. 

Clinical measurement Grading scheme or instrumentation 

In-office MMP-9 measurement InflammaDry® test 

Subjective bulbar hyperaemia score Efron grading scale 

Subjective bulbar hyperaemia score VBR-5 grading scale 

Objective bulbar hyperaemia score JENVIS scale (Oculus K5M) 

Corneal and conjunctival staining Visualisation via slit lamp biomicroscopy 

Ocular surface inflammation evaluation OSIE® TearCheck® dry eye analysis device 

 

4.4.1 Clinical inflammatory markers and their ability to detect elevated levels of MMP-9 

mRNA transcripts 

Of all the parameters evaluated, including subjective hyperaemia grading scoring, objective hyperaemia 

scoring, InflammaDry® test and ocular surface staining, it was found that the objective measure of 

conjunctival hyperaemia on the JENVIS scale (Oculus K5M) offered the greatest discriminative ability in 

detecting upregulation of ocular surface MMP-9 RNA transcripts, with a C-statistic of 0.747 [95% CI (0.537-

0.815), p=0.002] as shown in Table 26. The Youden optimal diagnostic cut-off for this test was ≥1.0, with 

higher scores corresponding to detectable MMP-9 levels, and scores below this cut off signifying non-

detectable MMP-9 levels. The sensitivity of this grading method in identifying clinically significant 
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inflammation was 86%, and the specificity was 64%. Next most accurate was the InflammaDry® test with a 

C-statistic of 0.699 [95% CI (0.545-0.822), p=0.006], and the Efron hyperaemia grade, with a C-statistic of 

0.688 [95% CI (0.537-0.815), p=0.029]. These results show that identification of inflammation was 

significantly greater than chance (p<0.05), while the remaining tests (p>0.05) failed to offer a predictive 

ability for inflammation that was better than chance (Table 26). 

 

4.4.2 Clinical inflammatory markers and their ability to detect elevated levels of IL-8 mRNA 

transcripts  

Results outlined in Table 27 suggest that none of the clinical inflammation indices tested in this study were 

able to predict elevated levels of IL-8 mRNA transcripts. All p values were greater than 0.05.  

 

4.4.3 Clinical inflammatory markers and their ability to detect elevated levels of IL-1β mRNA 

transcripts  

The ROC analyses for all clinical inflammation indices in predicting increased levels of IL-1β are listed in 

Table 28. The VBR-5 scale was the only clinical tool that demonstrated significant discriminative ability in 

predicting increased levels of IL-1β mRNA transcripts at the ocular surface [C-statistic=0.661, 95% CI 

(0.509-0.793), p=0.047, Youden optimal diagnostic cut-off >21.5].  
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4.5 Ocular Surface Inflammatory Evaluation (OSIE®) and ocular 

surface staining correlations and diagnostic utility 

No significant correlations using Spearman’s rank correlation tests were found between ocular surface 

integrity measures and the proprietary OSIE® test scores (Table 29). On account of the data distribution 

for this parameter, OSIE® results were dichotomously split where a score >0 was assigned as positive 

and all scores that were equal to 0 were assigned as negative. The predictive ability of ocular surface 

integrity measures to identify positive results was analysed using ROC analysis. Conjunctival staining 

alone, combined conjunctival and corneal staining scores and LWE scores were found to be able to 

predict positive OSIE® scores but corneal staining alone was not (Table 30). 

Table 29. Ocular surface integrity measures and their correlations to the OSIE® scores 

 Corneal 
staining 

Conjunctival 
staining 

Combined 
staining 

LWE 

r -0.2403 0.0340 -0.0461 0.1563 

P value 0.3169 0.7693 0.1206 0.8284 

 

Table 30. Ocular surface integrity measures and their predictive ability to identify positive OSIE® scores 

 Corneal 
staining 
(Oxford 
grading 
scheme) 

Conjunctival 
staining (Oxford 
grading scheme) 

Combined 
staining 
(Oxford 
grading 
scheme) 

LWE (Korb’s 
grading 
scheme) 

C-statistic 0.5443 
(0.4251-
0.6635) 

0.6450 (0.5312-
0.7588) 

0.6945 
(0.5853-
0.8037) 

0.7326 
(0.6277-
0.8374) 

P-value 0.4697 0.0179* 0.0015* 0.0001* 

Sensitivity 84 (70-92) 84 (70-92) 84 (70-92) 84 (70-92) 

Specificity 23 (14-37) 40 (28-55) 49 (35-63) 64 (50-76) 
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4.6 Summary 

Overall, the clinical inflammation tests performed in this study demonstrated better diagnostic utility in 

detecting gene expression of MMP-9 in bulbar conjunctiva impression cytology samples than in detecting 

either of the other inflammatory markers of interest. The InflammaDry® results, automated hyperaemia 

grading and the subjective hyperaemia grading using the Efron scale all demonstrated significant 

predictive ability in detecting elevated levels of MMP-9 transcripts. No clinical inflammation tests were 

able to predict detection of elevated levels of IL-8 gene expression in this study cohort, and only 

subjective grading with the VBR-5 scale was able to predict elevated levels of IL-1β.  

Of the global dry eye markers used in the diagnosis and the subclassification of dry eye disease 

according to the TFOS DEWS II criteria (2), reduced NIKBUT, elevated DEQ-5 score, elevated OSDI 

score and lipid layer grading were all predictive markers of elevated MMP-9 gene expression. Again, no 

parameters were able to predict IL-8 or IL-1B elevation. These results are interpreted within the context of 

the existing scientific literature on inflammatory processes in DED, and their application in clinical practice 

is discussed in Chapter 5.  
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Chapter 5. Discussion 

5.1 Overview 

Inflammation is implicated in DED, as a contributor to the chronic nature of the condition, either as a primary 

driver of the disease in auto-immune conditions, or as a downstream impact of triggering the vicious circle of 

DED (18, 42). Researchers have worked towards identifying biomarkers involved in the inflammatory 

cascade that commonly arises from tear film instability, and result in tear hyperosmolarity. Such loss of tear 

film homeostasis further triggers inflammation and ocular surface damage which perpetuates the cycle. 

However, the exact pathophysiology leading to the expression of inflammation in different subtypes of dry 

eye disease is yet to be fully understood. No gold standard biomarker of ocular surface inflammation exists, 

and there continues to be significant research efforts undertaken globally in this area. In the absence of an 

established gold standard, three laboratory markers (MMP-9, IL-8, IL-1β) were chosen as being 

representative of currently identified biomarkers of ocular surface inflammation, for use in the research 

described in this thesis. These biomarkers were selected on the basis of their increased levels in dry eye 

disease relative to normal controls, and their varying molecular classifications as a gelatinase enzyme, 

chemokine and cytokine, respectively (35, 57, 74, 85, 223). Further information about the DED inflammatory 

cascade was described in Section 1.3. 

 

This analysis of biomarkers was used to help address an identified literature gap – the lack of evidence-

based criteria for confirming the presence of ocular surface inflammation using proxy clinical measures of 

inflammation. Examples of clinical proxies of interest were bulbar hyperaemia grading, the InflammaDry®, an 

inflammation-specific point of care immunoassay and digital screening software for inflammation, and the 

OSIE® parameter on the Tearcheck® device. Knowledge of the optimal tests for assessing inflammation in 

dry eye disease could drive future hypothesis driven research to assist clinicians in identifying those patients 

most likely to benefit from anti-inflammatory therapy. This chapter will discuss the outcomes of this research 

and its potential implications for diagnosing ocular surface inflammation in DED in clinical practice. 
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5.2 MMP-9 and clinical dry eye disease markers 

Clinical indices of dry eye that feature in the TFOS DEWS II diagnostic criteria include validated DE 

questionnaires and homeostatic markers such as tear osmolarity, tear film stability and ocular surface 

integrity. The current study outcomes demonstrate that the TFOS DEWS II diagnostic criteria for dry eye 

disease can, to some extent, be used to predict elevated levels of MMP-9 transcripts. MMP-9 has been 

implicated within the inflammatory cascade for its roles in initiation and perpetuation of ocular surface 

damage as described in Section 1.4.2 (85, 224). Although MMP-9 levels are raised in dry eye disease, it’s 

recognised that raised MMP-9 levels are not specific to dry eye as levels are also elevated in a number of 

other inflammatory ocular surface conditions such as vernal keratoconjunctivitis and keratoconus (64, 80, 82, 

86, 88, 89). Inflammation can also occur secondary to ocular surface disruption in conditions such as 

conjunctivochalasis, where raised MMP-9 levels have been observed (80, 225). Furthermore, it is recognised 

that dry eye disease does not always present with raised levels of MMP-9, as demonstrated in various 

studies where the sensitivity of MMP-9 as a marker for DED varies from 39% to 80% (83, 142, 143, 226).  

 

With regard to the discriminative ability of validated dry eye questionnaires in identifying abnormal MMP-9 

levels, positive symptomology scores obtained by DEQ-5 and OSDI were able to significantly predict the 

presence of MMP-9 transcripts, such that patients with the highest reported levels of symptoms, most often 

exhibited ocular surface inflammation. The Youden optimal diagnostic cut-off value was found to be >9 for 

the DEQ-5 test and >33.3 for the OSDI, respectively. These cut-offs are higher than the diagnostic cut-offs 

recommended by TFOS DEWS II, of ≥6 and ≥13, respectively, which delineate the presence vs the absence 

of symptoms of dry eye disease. This confirms that clinically significant inflammation is not expected to exist 

in those with mild DED, but rather in those with more severe dry eye since the Youden threshold of 33.3 for 

the OSDI score falls well within the moderate-to-severe range of dry eye signified by scores of  22 (Table 

19) (2).This supports the first hypothesis of this thesis that elevated biomarkers such as MMP-9 are present 

in DED, and shows, most specifically that this is most apparent in moderate-to-severe levels of DED. Other 

studies also found that clinically significant levels of inflammation are restricted to more severe cases (83, 

144) In the current study, the DEQ-5 test showed higher sensitivity than the OSDI at 93%, compared to the 

OSDI at 64%, but a lower specificity of 39%, compared to the OSDI, with a specificity of 67%. In this context, 

a positive score on the DEQ-5 is more reliable at detecting ocular surface inflammation; however, the low 
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specificity indicates the likelihood of a high rate of false positive results, which may make the test unreliable if 

treatment were to be initiated based solely on this index. It should be noted that the validation of the 5-item 

dry eye questionnaire (DEQ-5) was performed on a study cohort consisting of a group of asymptomatic 

controls and a group of SS and non-SS patients with ADDE (202). As inflammation is intrinsic feature in 

autoimmune related ADDE, it may explain the apparently higher sensitivity of the DEQ-5 in identifying ocular 

surface inflammation in the previously published study, than in the current study where the cohort comprised 

predominantly EDE where inflammation when present is presumed to be downstream. 

 

Of the ocular surface homeostasis markers, NIKBUT was the only dry eye index showing promise as a 

significant predictor of elevated levels of MMP-9 transcripts. The Youden optimal diagnostic cut-off in this 

case was ≤5.8 seconds. This was similar to the NIKBUT cut off of ≤5 seconds for moderate-to-severe dry 

eye disease severity (Table 19). Levels of MMP-9 were significantly negatively correlated with NIKBUT in 

this study, such that those with poorest tear film stability were found to exhibit the highest levels of 

inflammation. Chotikavanich et al. similarly found that increased MMP-9 levels were correlated with reduced 

stability measured with the fluorescein tear break up time test, as well as with increased dry eye symptom 

severity scores (OSDI) and decreased visual acuity (85).  

 

As outlined in Chapter 1, the vicious circle of DED recognises tear hyperosmolarity as a key trigger of 

inflammation. This is supported by the work of Li et al. who conducted an experimental dry eye study 

confirming that exposure to a hyperosmolar medium stimulates the production of MMP-9 in human corneal 

epithelial cells (227). It might therefore have been expected that hyperosmolarity might correlate with 

increased levels of MMP-9. However, within the range of severity exhibited by the participants who feature 

the EDE subtype in the current study, neither tear hyperosmolarity, nor the difference in osmolarity between 

the two eyes, could discriminate for elevated levels of MMP-9 gene expression, and no significant correlation 

was found between these parameters. This is in agreement with Schargus and colleagues, who also did not 

find any correlation between hyperosmolarity and ELISA-derived MMP-9 obtained from Schirmer strip elution 

or InflammaDry® results [n=20] (226). On the contrary, VanDerMeid et al. [n=30] found that MMP-9 levels in 

samples extracted from a Schirmer strip, subsequently analysed using multiplex immunoassay analysis, 

positively correlated with tear osmolarity (228). The reason for this contradictory evidence is unknown, 

although severity in that particular study was based only on symptoms with no other tear film homeostasis 
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markers being assessed.  It is possible therefore that this reflected a group featuring more participants with 

ADDE in whom more severe DED might be expected to show a stronger relationship with inflammation.  

Kang et al. [n=24] found a positive correlation between the InflammaDry® test results and tear film 

osmolarity, but only when an ordinal scale was used to assess relative positivity of the InflammaDry® results. 

No correlation was found in the aforementioned study when analysing osmolarity results against the 

dichotomous InflammaDry® results which are limited to a positive or negative outcome (229). Subsequent 

research on this immunoassay, that considers the prominence of the reaction based on the density of colour 

of the ‘positive’ test line, might offer sufficiently greater sensitivity to elicit a correlation. It should be noted 

that these studies used different methods of MMP-9 analysis from those employed in the current thesis, 

analysing MMP-9 total protein levels in tears, as opposed to gene expression analysis, which may further 

contribute to the discrepancy in outcomes. Notably, as explained in Section 1.4.4, eluted tears from Schirmer 

strips may be more representative of reflex lacrimal secretion than directly reflecting the ocular surface 

status, as is the case with sampling by impression cytology. 

 

Another point worthy of consideration are the limitations arising from the method by which tear film 

osmolarity itself is assessed in the clinical setting. While the site of interest is arguably the exposed ocular 

surface, sampling is limited to taking place at the inferior tear meniscus, where it is possible to collect the 

required volume in a minimally invasive manner because it is where the bulk of the tear fluid over the 

exposed ocular surface is located. Unfortunately, peaks of osmolarity occurring across the surface of the eye 

at sites of tear film breakup, which are thought to exceed 800 to 900 mOsm, are not identifiable with current 

methods. Instead, investigators have to rely on the extreme tear hyperosmolarity that may be generated in 

local pockets on the surface, mixing with the remainder of the tears during blinking, and raising the overall 

tear osmolarity such that it can be detected as hyperosmolar in the meniscus (230). There is an 

accompanying risk, however, that high osmolarity in localised spots would cause sufficient discomfort due to 

stimulation of the corneal nerves, to induce reflex tearing as a mechanism to protect the ocular surface 

tissues.  Should such tearing occur prior to collection of the sample from the meniscus, tear osmolarity would 

not be identified as being high and might even appear low, since tear fluid direct from the lacrimal gland is of 

slightly lower osmolarity than that on the exposed surface of the eye where it is subject to evaporation. This 

is an inherent issue with all studies assessing tear osmolarity as no clinical instrumentation currently exists 

that can assess localised osmolarity changes across the ocular surface. 



111 

 

 

The differential expression of inflammatory markers based on DED subtype was an exploratory study 

outcome. Inflammation is believed to play a more central role in the ADDE subtype than in the EDE subtype, 

most notably in Sjögren’s syndrome where various inflammatory biomarkers are known to be raised (27, 28, 

59, 205, 211). The proportion of ADDE in the population of DED patients is recognised to be small, and 

unfortunately, this was reflected in the current study’s population, where only one participant qualified as 

exhibiting solely ADDE and five as mixed DED, with features of both ADDE and EDE. More data to allow the 

relationship between inflammatory markers and ADDE to be described would have been desirable but 

unfortunately this subtype did not satisfy sample size requirements for meaningful statistical analysis, and 

additional targeted recruitment to achieve the necessary sample size was not possible due to pandemic-

related constraints. As a result, the thesis remains focused primarily on inflammation in the more common 

dry eye subtype, EDE.  

 

The pathogenesis of inflammation in the EDE subtype is less clear than it is in ADDE, in the absence of 

convincing evidence that inflammation occurs within meibomian glands themselves. It is believed that ocular 

surface inflammation identified in cases of EDE occurs predominantly as a sequela of the ocular surface 

cellular damage brought about by triggering the vicious circle of DED (18). On the basis of the large sample 

of EDE, a low LLG proved to be predictive of elevated MMP-9 transcript levels at the ocular surface. These 

findings align with current understanding of the vicious circle of DED where tear instability caused by an 

inadequate lipid layer leads to excessive evaporation (26). This results in hyperosmolarity of the tears at the 

ocular surface, triggering the release of inflammatory markers and perpetuating the cycle by driving further 

tear film instability (18, 231). In this context, clinically relevant levels of inflammation would not be expected 

to be present in all diagnoses of DED, particularly during an earlier mild stage, but the inflammatory 

response is recognised to be upregulated with greater disease severity (61). The Youden optimal diagnostic 

cut-off value for lipid layer grades associated with inflammation was ≤2, indicating that inflammation was 

present in those with the thinnest lipid layer grades. Yokoi et al. found evidence that a thin lipid layer 

significantly correlated to dry eye severity (232) and a thin lipid layer is known to be associated with reduced 

tear film stability (26). Our findings showed that lipid layer thickness was significantly correlated to MMP-9 

transcripts, which reflects the presence of inflammation in the current context. This lends further support to 

the hypothesis that inflammation plays a more significant role in moderate-to-severe dry eye disease (223,  
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226, 232, 233) and aligns with literature describing a negative correlation between symptom severity and 

lipid layer thickness (233).  

 

5.3 MMP-9 and clinical markers of inflammation 

Six clinical tests purported to provide an index of inflammation in DED, were evaluated for their diagnostic 

utility. The measures included subjective grading against three bulbar conjunctival hyperaemia grading 

schemes (broad clinical impression ranging from none to severe); the Efron grading scale; VBR-5 grading 

scale). as well as, one objective bulbar conjunctival hyperaemia grading device (utilising the JENVIS scale 

on the Oculus K5M), the presence of inflammation as indicated by the InflammaDry® point-of-care MMP-9 

test, and the Ocular Surface Inflammatory Evaluation (OSIE®) score from the Tearcheck® device. Ocular 

surface staining was included as a fundamental test of ocular surface integrity. Further test details are 

provided in Chapter 2 and the results of the comparative analyses are outlined in Table 26. 

The objective measurement of bulbar hyperaemia using the JENVIS grading scale was determined to be a 

better clinical test of inflammation than subjective grading, on the basis of its ability to predict increased 

levels of MMP-9 gene expression. Additionally, a positive, albeit non-statistically significant trend of 

correlation between MMP-9 and objective hyperaemia grading was noted. The sensitivity of objective bulbar 

hyperaemia grading was high at 86%. A significant limitation of the objective measurement of hyperaemia 

arises when highlighted areas do not accurately capture bulbar and limbal areas or mistakenly include the lid 

margins and the eyelids in the hyperaemia evaluation, considerably skewing the results. This could explain 

the high false negative rate seen in the specificity value of 64%. Therefore, the reliability of the objective 

measure of bulbar hyperaemia should be interpreted with caution, and clinicians should review the captured 

image and bulbar area is free from artefact before proceeding to manage patients based on numerical test 

scores alone. 

 

Using the Efron grading system, subjective measures of bulbar hyperaemia also demonstrated significant 

discriminative ability in predicting elevated expression of MMP-9 transcripts in conjunctival cells, satisfying 

the second hypothesis of this thesis. The result in Chapter 3 demonstrated only modest inter-observer 

agreement when using the Efron grading system which might suggest that caution should be exercised if 

relying on subjective grading of bulbar hyperaemia to detect gene expression of inflammatory markers on the 
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ocular surface, especially where patients may be seen by one of a number of clinicians in a practice. 

Nonetheless, of the various grading scales tested, the Efron grading scheme was found to work well and 

should give clinicians confidence in grading hyperaemia in this way. 

 

Based on the findings outlined in Chapter 3, a high level of agreement was found to exist between the scores 

on the VBR-5 scale and those of objective bulbar hyperaemia grading via the K5M. Surprisingly, though, the 

VBR scale was less indicative of inflammation than the Efron scale, which might be related to the larger area 

of ocular surface coverage in the photographic image compared to the Efron artistic representations. The 

Efron images do not include the lateral canthus, which in the VBR photographs is the area of most 

pronounced redness, reflecting the concentrated collection of all the visible blood vessels depicted on the 

image. A significant positive correlation was found between both the subjective grading scale hyperaemia 

scores (Efron and VBR-5) and the objective K5M scores, confirming the third hypothesis of this study. 

Furthermore, the overall clinical impression of bulbar hyperaemia as none, mild, moderate or severe 

performed most poorly, of all the clinical methods tested, as a model for predicting elevated levels of MMP-9 

transcripts. Although exhibiting slightly greater specificity than found with objective hyperaemia grading (76% 

vs 64%), the sensitivity of clinical impression grading was much lower (29% vs 86%). This suggests that 

relying on a practitioner's clinical approximation of bulbar hyperaemia severity is a poor predictor of cellular 

levels of inflammation and would support recommendations for the adoption of a clinical grading scale in 

practice over relying on individual subjective evaluation.  

 

Based on its dichotomous outcomes, the InflammaDry® immunoassay was able to predict the presence 

MMP-9 mRNA transcripts in this study significantly better than chance, suggesting that both tests are broadly 

in agreement when identifying patients with elevated levels of inflammation. It is recognised that not all 

patients with DED return a positive InflammaDry® test result and that MMP-9 is more likely to be elevated in 

higher severity of dry eye disease (83). This was confirmed from the findings of the current study. The 

sensitivity and specificity of this test in identifying inflammation were found to be 64% and 58% respectively. 

Although these values show limited confidence in the InflammaDry®, sensitivity in this context refers to how 

accurately the InflammaDry® can detect disease relative to the gold-standard, which in this case was taken 

for the purpose of this study to be the gene copy number of mRNA transcripts of MMP-9 in the conjunctival 
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cell sample. However as mentioned in the introduction of this thesis, there is no globally agreed gold-

standard biomarker of DED-related inflammation. The positive likelihood ratio (1.52) confirmed the screening 

utility of the InflammaDry® in its ability to identify increased levels of MMP-9 (234). The negative likelihood 

ratio was reported as 0.62, indicating that the InflammaDry® is not as good at identifying true negatives as it 

is identifying true positives from this cohort. In conclusion, confirming the fourth and last hypothesis of this 

study, the InflammaDry® test has value as a screening test for inflammation, but should the test outcome be 

negative, the presence of clinically significant inflammation should not be dismissed without considering 

other parameters indicative of ocular surface inflammation. 

 

MMP-9 causes disruption of the corneal epithelium leading to ocular staining due to increased permeability, 

and this has been found to increase in animal models when desiccating stress is applied (224, 235). Given 

this, and knowing the established direct role of MMP-9 in promoting corneal epithelial disruption (224, 236), it 

might be anticipated that corneal staining and inflammation would be directly related. However, the data did 

not support any such hypothesis, with the severity of ocular surface staining failing to show a significant 

ability to discriminate increased levels of MMP-9 gene expression on the ocular surface in the present study. 

Ocular staining has been identified by Wang et al. as a very late stage clinical marker to emerge in the 

natural history of dry eye disease, possibly indicating that an association between ocular surface disruption 

and inflammation might become more apparent in later stages of DED than those exhibited by the 

participants in the current study (11).  

 

The proprietary test termed the Ocular Surface Inflammatory Evaluation (OSIE®) did not significantly 

correlate with the conjunctival or corneal staining scores, either alone or in combination, nor with lid wiper 

epitheliopathy scores. No significant correlation was found between the OSIE® test and MMP-9, IL-8 or 

IL-1β gene copy numbers. In addition, the OSIE® results were unable to predict elevation of MMP-9, IL-8 or 

IL-1β. An attempt was made to uncover the staining measure to which the OSIE® was most closely aligned. 

The conjunctival staining scores, combined conjunctival and corneal staining scores and the LWE scores 

were able to predict the presence of a positive vs negative OSIE® result. However, no significant 

correlations could be found between the severity of these staining parameters and severity of the OSIE® 

result. This emphasises the need for novel metrics built into dedicated software in new technology. to be 
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scientifically validated before making clinical decisions relating to patient management. More research is 

required to confirm the utility of the OSIE® parameter in diagnosing and helping direct management of DED.  

The range of severity of DED in this study cohort was relatively limited and it is possible that different 

outcomes would have arisen if evaluations were conducted on a broader range of DED severities and 

subtypes. 

 

5.4 IL-8 as a biomarker for inflammation 

In this study of predominantly EDE secondary to MGD, no clinical markers of inflammation were found to be 

predictive of elevated levels of IL-8 mRNA transcripts.  Whether a relationship between clinical tear film or 

inflammatory measures and IL-8 might have been demonstrated with ADDE is not known, although this may 

have been more likely. As a chemokine, IL-8 is involved in the pathogenesis of dry eye disease showing 

raised levels in the disease, especially among patients with Sjögren's syndrome relative to normal controls 

(35, 57, 63, 77). The chemokine is a neutrophil-specific chemoattractant that is secreted by epithelial cells 

and neutrophils (237). In addition, IL-8 is known to be secreted by neutrophils which are activated by SS-

associated auto-antigen Sjögren syndrome type B or lupus La (238). 

The clinical dry eye disease and subtype markers also showed no significant discriminative ability to predict 

elevated levels of IL-8 transcripts, however once again the lack of number of ADDE participants means no 

definitive conclusion can be drawn from this study in terms of differences in inflammatory presentation of 

DED subtypes, and further research in this dry eye subtype is warranted.  

 

5.5 IL-1β and clinical markers of inflammation 

Subjective grading of bulbar hyperaemia using the VBR-5 scale was able to predict elevated levels of IL-1β 

better than chance. The Youden optimal diagnostic cut-off value was >21.5, based on its scale that ranges 

from 0 to 100. As a single index, this result should be interpreted with caution as no other subjective or 

objective hyperaemia grading method, ocular staining scores or dry eye diagnostic marker had diagnostic 

utility to predict elevated levels of IL-1β. 

 

IL-1β has been implicated in the inflammatory cascade, with direct relation to MMP-9 in that it is an activator 

of pro-MMP-9 in the extracellular space. It has also been shown to be raised in tear fluid and mRNA by 
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Massingale et al. (63). IL-1β, along with IL-1α, are the proinflammatory forms of IL-1, which have been 

implicated in several other inflammatory diseases such as rheumatoid arthritis, periodontitis and septic shock 

(239, 240). Plugfelder et al. reported that IL-1, 6, 8 and TNF-α were elevated in SS compared to normal 

subjects (77). Conversely, Enríquez-de-Salamanca et al. and Narayanan et al. reported that symptomatic, 

moderate severity dry eye patients showed no increase in IL-8 or IL-1β compared to normal controls (61, 

241). Interestingly, there was a significant positive correlation observed between the number of IL-8 and IL-

1β gene copies in the current study. This evidence suggests that IL-1β is still implicated in the inflammatory 

cascade of DED, however its upregulation could be further upstream as an activator of pro-MMP-9, existing 

as more of an intermediatory mediator. Its concentration could also follow nonlinear kinetics, which was not 

considered in the ROC analysis, where the median gene copy number was used as the cut off to determine 

upregulation of the gene.  

 

5.7 Study limitations and future directions 

As described in the aims of this thesis, there is no agreed gold standard inflammatory biomarker specific to 

dry eye disease. MMP-9, IL-8 and IL-1β were chosen to represent different classes of inflammatory markers 

to try and capture different stages of the inflammatory cascade that ensues in dry eye pathogenesis. The 

laboratory test chosen to analyse these biomarkers was the highly sensitive dd-PCR, however a limitation is 

the restriction on the number of inflammatory markers it was possible to analyse in this study. Future studies 

might consider comparing clinical measures of inflammation against other molecules such as IL-6, TNF-α 

and IFN-γ to further identify strengthen the correlation and diagnostic utility of clinical tests that are readily 

available to eye care practitioners. 

 

As identified in this chapter, the objective measurement of hyperaemia shows promising results in its ability 

to predict MMP-9 gene copy elevations, however its algorithm can be subject to inaccuracies in defining the 

area of interest. This in turn could result in subjective measures of bulbar hyperaemia proving more accurate 

at times and thus clinicians should be cautious in relying upon the objective outcome as a stand-alone 

numerical value to guide patient management. To improve this objective measure, an option to manually 

select the area of interest, or override that estimated by the device algorithm, could be designed into the 

proprietary software as a back-up option for users of this device. As Peterson et al. proved, the adoption of 
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objective methods of identifying ocular surface inflammation offer more sensitivity and greater reliability than 

subjective techniques, however this would only apply if the inaccuracies relating to the area selected for 

assessment can be mitigated (136). 

 

Due to participant recruitment being severely restricted in the duration of this thesis, participants with EDE 

and the association of inflammation tests remained the primary focus. In the future, further investigations 

could usefully be conducted with ADDE participants, particularly autoimmune-related ADDE such as 

Sjögren's syndrome to help understand relative levels of inflammation between ADDE and EDE subtypes 

which could contribute to our knowledge about the inflammatory pathways involved in different subtypes of 

DED.  

 

Despite MMP-9 levels showing diurnal variation in a paper produced by Markoulli et al., it is unlikely that 

these fluctuations would have affected our study (94). The study found that healthy individuals had elevated 

MMP-9 levels of 200-fold on awakening, but these levels were fully inhibited by TIMP-1 by midday (94). 

Although none of our study participants had conjunctival samples collected immediately after awakening, the 

study could have been strengthened by collecting all specimens within a limited time period after midday, to 

minimise any impact of diurnal variation. 

 

Future research directions could involve assessing how study participants, identified to have in-clinic markers 

of inflammation that suggest elevated MMP-9 gene expression, respond to different anti-inflammatory 

treatments. In this study design, inflammation-proxy measures such as subjective and objective hyperaemia 

grading scores, InflammaDry® results could be recorded pre- and post- administration of various anti-

inflammatory therapies and conventional dry eye therapies, to refine treatment protocols, and offer a more 

targeted treatment plan based on the baseline characteristics of the patient. This could be of prognostic 

value, providing clinicians with more accurate, evidence-based information regarding anticipated responses 

to different therapeutic strategies. The ability to make informed decisions would encourage optimal 

engagement of patients in working with their clinician to select their treatment. 
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5.8 Seeking to manage inflammation in DED 

Inflammation is a key feature in the vicious circle of dry eye disease. Loss of homeostasis in tear film 

mechanisms leads to a hyperosmolarity-triggered inflammatory cascade, provoking and helping perpetuate 

the vicious circle (18). A range of inflammatory molecules are escalated in dry eye disease; however, more 

research is required to establish variations that might exist in the inflammatory processes between different 

dry eye subtypes. Currently, inflammation is accepted to be a fundamental contributor to dry eye disease 

pathophysiology in aqueous deficient dry eye, especially in autoimmune disease such as Sjogren's 

syndrome where there is already an underlying systemic inflammatory condition prior to the triggering of the 

vicious cycle in the ocular surface (242). In contrast, meibomian gland dysfunction allows excess tear 

evaporation due to a poorly functioning lipid layer secondary to inadequate production and/or quality of 

meibum and, in this case, the inflammation of the ocular surface is thought to occur as a downstream 

consequence of the resultant tear hyperosmolarity (18, 242) in contrast to being driven by underlying local or 

systemic inflammation.  

 

5.8.1 Anti-inflammatory therapies 

Increasingly, contemporary dry eye treatments are being developed to target the underlying inflammation 

when the DED severity is moderate or severe, in preference to more palliative options such as artificial 

lubricants. Topical treatments available in some parts of the world include anti-inflammatories such as 

lifitegrast, corticosteroids of varying potency and penetration potential, immunomodulators such as 

cyclosporin (5) and oral antibiotics including tetracyclines such as doxycycline and azithromycin (40). Their 

use is not risk free, however, therefore it is important that clinicians ensure the benefits from use of such 

therapies outweighs their potential to generate unwanted side effects, particularly since it is recognised that 

underlying inflammation is not the source of dry eye disease in all patients (83). Topical steroid use is 

associated with the increased risk of cataracts, elevated IOP and infection development (243, 244).  

This was reflected in the outcomes of a study by Prabhasawat and Tseng (245) [n=70] where despite 

managing the dry eye symptoms, one patient had intraocular pressure (IOP) elevation and two had 

developed cataracts by the 6-month follow up in a cohort of 70 patients. On reporting the efficacy of using 

cyclosporin A, an immunomodulator used in the treatment of DED, Perry et al. [n=158] reported 72.1% of 

participants showing improvement in signs and symptoms, however no placebo group was utilised (246). 
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Plflugfelder et al. reported that cyclosporin and Lifitegrast both inhibit T cell activation and cytokine 

production; however, both treatments are not effective in all patients with DED, further emphasising the need 

to improve diagnostic ability to detect clinically significant inflammation in an attempt to identify the baseline 

characteristics of the patients most likely to respond favourably (42, 175, 246, 247).  

 

5.8.2 Role of anti-inflammatory therapies in MGD 

MGD-related EDE is associated with downstream rather than intrinsic inflammation such as in Sjӧgren’s 

syndrome related ADDE. Where the source of the DED is identified as MGD, there is the potential for a wide 

range of therapies such as intense pulsed light therapy (IPL) and warm compress therapy to resolve the 

source problem. This can improve tear film instability, thereby restoring homeostasis to the ocular surface. 

Management with corticosteroids or other anti-inflammatories fails to resolve the underlying source of the 

DED that is triggering inflammation in the majority of EDE cases. Although some signs and symptoms may 

temporarily improve during the course of corticosteroid treatment, problems associated with MGD will return 

on cessation of the drops, which serves to encourage patient reliance on the anti-inflammatory. This is an 

issue because of the side effects associated with long term corticosteroid use (244). Immunomodulators are 

indicated in SS-DED to reduce circulating T cells, thereby increasing lacrimal gland function. This is distinct 

from the pathophysiology of MGD and therefore treatment for the dry eye subtypes can differ. First line 

conventional therapies to treat MGD include the regular use of artificial tears and warm compresses followed 

by eyelid massage (248, 249). Craig et al. suggested that regular lipid-containing eyedrop use four times a 

day has the potential to break the vicious circle and over a number of months can result in improvements in 

tear quality, as well as the more immediate symptomatic relief that is observed within a month of 

commencing topical drops (248). If patient-applied therapies are unsuccessful in resolving the effects of 

MGD, in-clinic treatments such as IPL and LipiFlow may be recommended. IPL has been shown to reduce 

MMP-9 levels, reduce inflammatory cells around the glandular structures and reduce conjunctival and limbal 

injection in patients with MGD (145, 250, 251).  

  



120 

 

Chapter 6 Conclusion 
The research reported in this thesis demonstrated potential indicators in a clinical examination that could 

predict the presence of clinically significant inflammation in evaporative dry eye patients. With regards to the 

inflammatory markers chosen in this study, optimal diagnostic utility was demonstrated by the presence 

MMP-9 gene expression, compared to IL-8 and IL-1β. This could indicate that IL-8 and IL-1β have further 

upstream implications, at least in the EDE subtype. It is possible that outcomes for ADDE may differ but 

could not be confirmed in the current study due to pandemic impacts on participant recruitment within the 

time constraints of this thesis.  

 

Of the TFOS DEWS II diagnostic dry eye disease markers, NIBUT and lipid layer grading showed the best 

ability to discriminate elevated levels of MMP-9 transcripts. The cut off values of ≤5.8 seconds and ≤2 

respectively fall within the moderate-to-severe range of DED. In addition, the OSDI and DEQ-5 

symptomatology questionnaires predicted elevated levels of MMP-9 transcripts, with diagnostic cut-off values 

set at higher values than the TFOS DEWS II requirement for diagnosis, similarly indicating that the presence 

of inflammation is limited to the more severe cases of EDE.  The current study has provided a useful starting 

point for future research to determine the level of inflammation that might optimally benefit from anti-

inflammatory therapy or, indeed, whether the inflammation present will resolve adequately if the MGD itself is 

managed. Successful MGD management with lid warming and hygiene has the potential to restore 

homeostasis by improving the lipid layer and tear film stability, breaking the vicious circle of DED which may 

avoid the need for anti-inflammatory therapy and its attendant risks.  Determining thresholds for instigating 

treatment will be valuable, as it is not inconceivable that patients with more severe DED might benefit from a 

short course of topical steroid therapy in combination with long term MGD management for optimal disease 

resolution. 

 

The clinical inflammatory markers that best predicted elevated levels of MMP-9 were found to be objective 

bulbar conjunctival hyperaemia grading (Oculus K5M), subjective bulbar conjunctival hyperaemia grading 

(Efron scale), and the InflammaDry® test result.  
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The InflammaDry® test could be a useful screening tool for the presence of clinically significant 

inflammation, however clinicians should not dismiss the diagnosis of ocular surface inflammation in the event 

the result is negative. 

 

In Chapter 3, it was established that existing subjective and objective grading scales used to assess bulbar 

hyperaemia cannot used interchangeably. The results of Chapter 3 suggest that a single grading scale per 

practice should be used to assess bulbar hyperaemia, and where possible the same clinician should manage 

the same patient. However, in clinical practice, this is not always feasible, in which care should be taken that 

the same grading scale is utilised by different clinicians. The Efron scale provided the best predictability of 

MMP-9 elevation along with smaller inter-observer repeatability than that of the VBR-5 scale. If available, an 

objective measure of hyperaemia is preferable as this can better predict the presence of inflammation over 

subjective measures which has also been found to reduce inter and intra observer variation. However, the 

results should be accepted with caution, ensuring the intended area of the eye is being measured.  

 

The sensitivity of PCR testing is generally 30-40% higher than a point-of-care immunoassays as seen in the 

SARS-CoV-2 infection testing, despite their relative convenience of use (252). However, dd-PCR is 

expensive and time-consuming, and is thus out of reach of the clinical optometrist. This study presented an 

opportunity to test a range of clinical tests against a laboratory measure that would normally be inaccessible 

to the clinician, in an attempt to contribute to the evidence-based recommendations to clinicians about which 

of the routine clinical tests might offer the greatest amount of information about the ‘true’ inflammatory status 

in EDE. This information could ultimately assist clinicians in making treatment decisions. Similarly to the 

need for a wide battery of clinical tests to diagnose and subclassify DED, it appears that no single clinical 

marker can yet be used exclusively to reliably characterise a process as complex as the inflammatory 

cascade in ocular surface disease. The findings of this thesis suggest various tests such as the Efron 

grading system for bulbar hyperaemia along with validated questionnaire results and lipid layer grade results 

might be useful in helping guide DED management for clinicians.  
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Appendix A: Permission agreement for replication of 
the Efron hyperaemia grading scale 
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Appendix B. Permission to replicate the Validated 
Bulbar Redness scale 
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Appendix C: Study participant information sheet 
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Appendix D: Study consent form 
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Appendix E: Table of primer and probe nucleotide 
sequences 

Gene 

Target 

Assay Forward and Reverse Primers and Probes Catalogue 

number 

INHIBITION ASSAY 

SPUD  (F) 5’- AAC TTG GCT TTA ATG GAC CTC CA -3’ 

(R) 5’- ACA TTC ATC CTT ACA TGG CAC CA -3’ 

99726095 

 

99726096 

BETA-ACTIN ASSAY 

Beta-

Actin 

 (F) 5’- AAC TCC ATC ATG AAG TGT GAC G -3’ 

(R) 5- GAT CCA CAT CTG CTG GAA GG -3’ 

783462 

 

783463 

DROPLET DIGITAL PCR 

MMP-9 Gene of 

interest 

(F) 5’-CHTCGAAATGGGCGTCT-3’ 

(R) 5’-ACATCGTCATCCAGTTTGGTG-3’ 

(P) 5’-/56-FAM/CCAGGAGGA/ZEN/AAGGCGTGTGC/3IABkFQ/-

3’ 

10092307

6 

Interleuki

n 8 

(IL-8) 

Gene of 

interest 

(F) 5’-AATTTCATTGCCACAAAGTTGATG-3’ 

(R) 5’-CAGACCTTCCAGATCGCTTC-3’ 

(P) 5’-56-

FAM/TGTCTTCTA/ZEN/CTGGTTCAGCAGCCATC/3IABkFQ/-3’ 
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Interleuki

n 1 beta 

(IL-1β) 

Gene of 

interest 

(F) 5’-GAACAAGTCATCCTCATTGCC-3’ 

(R) 5’-CAGCCAATCTTCATTGCTCAAG-3’ 

(p) 5’-/56-

FAM/AGAAGTACC/ZEN/TGAGCTCGCCAGTGA/3IABkFQ/-3’ 

 

PPIA Referenc

e gene 

(F) 5’-CAAGACTGAGATGCACAAGTG-3’ 

(R) 5’-GTGGCGGATTTGATCATTTGG-3’ 

(P) 5’-

/5HEX/AATTCCGC/ZEN/AGAAGGAACCAGACAGT/3IABkFQ/-3’ 

10113687

6 

RPLP0 Referenc

e Gene 

(F) 5’-TGTCTGCTCCCACAATGAAAC-3’ 

(R) 5’-TCGTCTTTAAACCCTGCGTG-3’ 

(P) 5’-5HEX/CCTGTCTT/ZEN/CCCTGGGCATCAC/3IABkFQ/-3’ 

10113687

2 

POLR2A Referenc

e Gene 

(F) 5’-TCGTCTCTGGGTATTTGATGC-3’ 

(R) 5’-CAGTTCGGAGTCCTGAGTC-3’ 

(P) 5’-

/5HEX/ACTGAAGCG/ZEB/AATHTCTHTHACHHAH/3IABkFQ/-3’ 

10113686

8 

TBP Referenc

e Gene 

(F) 5’-CAGCAACTTCCTCAATTCCTTG-3’ 

(R) 5’-GCTGTTTAACTTCGCTTCCG-3’ 

(P) 5’-

/5HEX/TGATCTTTG/ZEN/CAGTGACCCAGCATCA/3IABkFQ/-3’ 

1136860 

B2M  (F) 5’-CAGCAACTTCCTCAATTCCTTG-3’ 

(R) 5’-GCTGTTTAACTTCGCTTCCG-3’ 

(P) 5’-

/5HEX/TGATCTTTG/ZEN/CAGTGACCCAGCATCA/3IABkFQ/-3’ 

10113686

0 
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GUSB  (F) 5’-GTTTTTGATCCAGACCCAGATG-3’ 

(R) 5’-GCCCATTATTCAGAGCGAGTA-3’ 

(P) 5’-

/5HEX/TGCAGGGTT/ZEN/TCACCAGGATCCAC/3IABkFQ/-3’ 

10113686

4 

HPRT1  (F) 5’-TTGTTGTAGGATATGCCCTTGA-3’ 

(R) 5’-GCGATGTCAATAGGACTCCAG-3’ 

(P) 5’-

/5HEX/AGCCTAAGA/ZEN/TGAGAGTTCAAGTTGAGTTTGG/3IA

BkFQ/-3’ 

10500808

0 
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