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ABSTRACT
Background
Meibomian gland dysfunction (MGD) is a major aetiological factor in the development of
evaporative dry eye (EDE), a common presentation in ophthalmic clinics which causes significant
detrimental effects on quality of life. Traditional management strategies often fail to provide
sustainable solutions, prompting patients and clinicians to seek alternative options. One novel
treatment to emerge in recent years is intense pulsed light (IPL). Several, largely retrospective or
open-label, studies have demonstrated an improvement in the signs and symptoms of EDE after
periocular application, but possible mechanism(s) of action of IPL in the context of long-term MGD
management remain poorly understood.

Purpose
To explore the dry eye practices of New Zealand eyecare professionals against current evidencebased guidelines, then utilise contemporary diagnostic metrics to evaluate the therapeutic potential
of periocular IPL application as a treatment for MGD and the potential mechanism(s) of action.

Methods
Eighty-seven subjects with mild to moderate MGD were enrolled in a prospective, randomised,
double-masked, non-paired eye, placebo-controlled study. Participants randomised to receive a
course of four IPL treatments or four sham treatments (control), were evaluated at baseline, prior
to treatment on Day 15, Day 45, Day 75 and as a follow-up only on Day 105 using: 1) validated dry
eye questionnaires, 2) clinical diagnostic techniques, 3) non-contact aesthesiometry, 4) RNA
expression of neuroinflammatory biomarkers, 5) tear film lipidomics, 6) in vivo confocal microscopy
and 7) lid margin microflora assessments.

Results
A total of 30 participants (70% female, mean ± SD age of 55 ± 14) were randomised to the placebo
arm of the study, and 56 participants were randomised to the treatment arm with 4 IPL flashes
(n = 28, 68% female, mean ± SD age of 48 ± 15) or 5 IPL flashes (n = 29, 62% female, mean ± SD
age of 56 ± 17) applied to the inferior periocular zone. Following participation, dry eye symptom
scores in the active treatment arms significantly improved from baseline relative to placebo (Ocular
Surface Disease Index score: 4 Flashes vs. Placebo, p = 0.04; 5 Flashes vs. Placebo, p = 0.03).
Improvements in lid margin appearance and meibomian gland function also differed significantly
between the groups. No changes to clinical and biomarkers of ocular surface neuroinflammation
were observed, however IPL exerted mild modifications to the tear lipidome biochemistry.
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Conclusions
IPL therapy was well tolerated and proved to be an effective management option for MGD.
Cumulative improvements in EDE symptoms, tear film lipid layer thickness, meibomian gland
capping and meibum expressibility may be related to alteration of tear lipid profile rather than
reduction in ocular surface inflammation, thus broadening the current understanding on the possible
mechanisms of action underlying IPL therapy for MGD relief.
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CHAPTER 1

CHAPTER 1. INTRODUCTION
1.1

Dry Eye Disease

1.1.1 Burden of Dry Eye Disease
Dry eye disease (DED) is a chronic ocular surface pathology that affects hundreds of millions of
people worldwide,1 and is one of the most common morbidities encountered in ophthalmic practice.2
Symptoms such as burning, foreign body sensation, tearing, and ocular fatigue can impair visual
performance,3-6 limiting daily social and physical functioning.7 Combined with frequently ineffective
symptom management, it can lead to depression, anxiety and psychological stress.8-10 Placed in
context, the detriment on quality of life in those with moderate to severe DED has been equated to
that of severe angina or dialysis,11-13 which highlights the importance in recognising the link between
dry eye and mental health.14 Although the prevalence of DED is highly associated with age,1, 2, 15-19
it has become more pervasive in younger age groups, a feature attributed in part to increasing
reliance on screen devices.20 Furthermore, the aging population worldwide21 is proving only to
intensify the concern around this growing public health issue.

The Tear Film and Ocular Surface Society Dry Eye Workshop II (TFOS DEWS II) Epidemiology
subcommittee reviewed large cohort studies of over 500 participants within the last decade and
estimated the prevalence rate of DED (with and without symptoms) to be between 5 and 50%. 1 A
lack of standardisation in the definition and classification of dry eye accounts for much of this
variation, which makes interpreting results across different studies challenging. Less debatable,
perhaps, is the considerable financial burden on health care systems that DED management
imposes in the form of clinical consultations, medications and surgical procedures, resulting in
significant socioeconomic impact at an individual level for the hundreds of millions of patients
affected.15 Patients incur expenses associated with ophthalmic care due to the chronic nature of
the disease. Furthermore, ongoing costs of purchasing over-the-counter therapies such as artificial
tears, lid hygiene wipes and nutritional supplements accumulate over time. In the USA, the cost of
managing DED has been estimated to be around $55.4 billion annually,22 however the most severe
economic impact of DED is believed to result from indirect costs related to decreased productivity
in the workplace. Dry eye patients often devote significant amounts of time on treatment and are
impacted in their working lives by the perceived need to avoid certain environments in the workplace
which aggravate their symptoms. From a community perspective, this has been estimated to
amount to an annual productivity loss of $11,302 per confirmed DED patient in the USA.22

In summary, dry eye is the basis of considerable socioeconomic burden, both at an individual and
societal level. Projections of longer life expectancies around the world further increases the

2

PART I

CHAPTER 1

pressure to seek effective new treatments that could help alleviate this growing public health
concern.

1.1.2 Dry Eye Definition
Dry eye was first acknowledged as a disease entity in 2007, when the Tear Film and Ocular Society
Dry Eye Workshop (TFOS DEWS) defined DED as a “multifactorial disease of the tears that results
in symptoms of discomfort, visual disturbance, and tear film instability with potential damage to the
ocular surface. It is accompanied by increased osmolarity of the tear film and inflammation of the
ocular surface.”5 The publication of TFOS DEWS widened recognition of the increasing global
impact of DED, initiating a surge of interest from academia, clinical practice and commercial
industry.

In recognition of the exponential publication of dry eye literature in the last decade, TFOS
sponsored the publication of a second Dry Eye Workshop (TFOS DEWS II) to provide an updated
consensus view. According to the TFOS DEWS II Definition and Classification subcommittee, DED
has been redefined as “a multifactorial disease of the ocular surface characterised by a loss of
homeostasis of the tear film, and accompanied by ocular symptoms, in which the tear film instability
and hyperosmolarity, ocular surface inflammation and damage, and neurosensory abnormalities
play etiological roles.”6 Notable refinement is in the new phrasing that moves away from listing
specific signs and symptoms to describe a “loss of homeostasis”, and accompanying “ocular
symptoms”, to reflect the myriad of signs and symptoms recognised to be associated with DED,
beyond specific individual signs and “symptoms of discomfort, visual disturbance”. More emphasis
has also been placed on the aetiological roles of tear hyperosmolarity, tear film instability, ocular
surface inflammation and neurosensory abnormalities. Figure 1.1 illustrates the key drivers which
contribute to the pathogenesis and perpetuation of the DED Vicious Circle.23
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Contemporary consensus view of key entry points and chain events in the Vicious
Circle of DED adapted from Bron et al. TFOS DEWS II pathophysiology report.23

1.1.3 Dry Eye Classification
Formalised attempts to classify DED by subtype began with the Report of the National Eye
Institute/Industry Workshop on Clinical Trials in Dry Eyes in 1995. 24 The report split DED into two
primary categories, aqueous-deficient dry eye (ADDE) and evaporative dry eye (EDE). This initial
classification of DED has evolved over time, with the current consensus among dry eye experts
being that ADDE and EDE pathophysiologies exist on a continuum rather than as discrete entities, 6
and thus both subcategories of dry eye need to be considered during diagnosis 25 and
management.26 The DED classification system6 proposed by TFOS DEWS II Definition and
Classification subcommittee further acknowledges the widely recognised mismatch between signs
and symptoms of disease.27-30 The system allows for categorisation of DED according to clinical
presentation, based initially on the presence or absence of symptoms, and then followed by
subdivision according to the presence or absence of clinically detectable ocular surface signs. The
lower portion of the classification scheme continues to recognise ADDE and EDE as the primary
DED subtypes, and highlights their possible overlap.
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Aqueous-Deficient Dry Eye

In ADDE, dry eye occurs as result of reduced aqueous secretion from the lacrimal gland in the
presence of normal tear evaporation rate.31, 32 It can result from a block to the sensory drive of the
lacrimal gland, or be the side-effect of systemic drug use (iatrogenic dry eye) such as antihistamines, beta-blockers and diuretics (Figure 1.1). Not uncommonly, ADDE can be caused by
Sjögren’s syndrome, a chronic autoimmune disorder in which acinar cells and ductal epithelium
within the lacrimal and salivary glands are progressively destroyed by inflammatory infiltration from
activated T-cells.5, 23 Historically, ADDE has been subdivided into Sjögren’s syndrome Dry Eye
(SSDE) and non-Sjögren’s syndrome Dry Eye (NSDE). It is believed Sjögren’s syndrome may be
a result of aberrant immune responses to environmental, viral and hormonal triggers occurring in
genetically susceptible individuals.23,

33

DED sufferers are often underdiagnosed for Sjögren’s

syndrome,34 with an average time to diagnosis of around 2.8 years according to the Sjögren's
Syndrome Foundation.35 The condition affects women 90% of the time36 and is estimated to have
a prevalence rate of 0.6 to 1% among the general adult population in the USA.37

NSDE refers to the presence of lacrimal dysfunction without the diagnostic features of Sjögren’s
syndrome. Reduced lacrimal function in NSDE can be congenital or acquired, but is most commonly
attributed to aging.23, 24, 38 The TFOS DEWS II Epidemiology Report identified a steady increase in
ADDE incidence from the age of 50 years with a predilection for postmenopausal women.1 Such
trends may be explained by reduced androgen levels and accumulated “wear and tear” tissue
damage.39, 40

1.1.3.2

Evaporative Dry Eye

The proportion of patients exhibiting features of EDE far outweighs that of those exhibiting only
ADDE.41 In fact, the reported prevalence of EDE based on clinical signs in populations over the age
of 40 ranges from 38 to 86%,41 depending on population cohort characteristics and the diagnostic
criteria employed.1 Despite a normal functioning lacrimal gland, EDE occurs as a result of excessive
aqueous evaporation when the barrier function of the tear film is compromised, either due to lidrelated or ocular surface-related pathologies. In ocular surface-related EDE, the condition can be
driven by extrinsic factors such as vitamin A deficiency, allergic eye disease and the preservative
effects of topical drugs;23, 42 whereas lid-related pathology tends to encompass intrinsic factors
which affect tear dynamics and lid architecture. This can include disorders of lid aperture, congruity
and blinking insufficiency, as well as retinoid acne treatments. However, the most common cause
of EDE is widely considered to be meibomian gland dysfunction (MGD). 16
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1.1.4 Dry Eye Pathogenesis
Regardless of aetiology, loss of homeostasis from excessive water evaporation, resulting in tear
hyperosmolarity, is considered to be the core mechanism of DED (Figure 1.1).23 Diminished fluid
production in ADDE promotes tear hyperosmolarity and symptoms relating to dryness of the ocular
surface.43 Rapid tear break-up adds a hyper-evaporative overlay to the disease to further
exacerbate and perpetuate the “vicious cycle” of dry eye.44 When EDE arises because of MGD,
excessive water loss from deficiencies in the tear film lipid layer (TFLL) results in hyperosmolarity.
This triggers a cascade of events that result in inflammatory mediator and protease release, thus
causing a loss of surface epithelial and goblet cells, as well as damage to the epithelial
glycocalyx.45, 46 Activated T-cells reinforce the cascade by recruiting inflammatory mediators to the
ocular surface. The net result manifests clinically as characteristic punctate corneal epitheliopathy
and poor tear film stability. An unstable tear film amplifies the negative effects of tear
hyperosmolarity, thus completing the “vicious cycle” of DED. Combined with a loss of tear volume,
there is an increased coefficient of friction between the eyelids and the globe.47, 48 Lack of adequate
lubrication can eventually result in signs such as lid wiper epitheliopathy (LWE),49, 50 lid parallel
conjunctival folds (LIPCOF),51, 52 and superior limbic keratoconjunctivitis.47 Various stages within
the “vicious cycle” such as inflammation and peripheral nerve damage can all contribute to
perpetuating the condition and leading to the discomfort and poor quality of vision experienced in
DED.53

1.1.5 Dry Eye Practice Behaviours
As previously described, the publication of TFOS DEWS in 2007, as well as subsequent workshops
in MGD and contact lens discomfort triggered widespread worldwide recognition of DED as a
common and debilitating disease entity.1, 18, 54, 55 It sparked newfound enthusiasm in the area that
spread beyond academia to clinical and industrial sectors, and was a key driver in the publication
of an updated international summary consensus of the literature of the last decade, through TFOS
DEWS II,56 thus providing eyecare professionals with a resource of contemporary evidence-based
techniques to diagnose and manage DED. The effectiveness of research dissemination into
practice has been studied in many countries, and surveys that have queried the use of dry eye
diagnostic tests by eye care practitioners have described wide variations in self-reported
protocols.57-59 Studies subsequent to the release of the initial TFOS DEWS found clinicians were
adopting an evidence-based approach to their DED practice behaviour, but there was still potential
for improvement.60-62 Hence, one of the main objective of TFOS DEWS II Diagnostic Methodology
subcommittee was to develop a standardised algorithm for diagnosing and classifying DED in a
clinical setting. By reviewing the literature on the diagnostic accuracy data of validated
symptomology questionnaires, as well as ocular surface and tear film parameters, a consensus
battery of tests was described.25 However, TFOS DEWS II noted that the protocol for disease
management was not as simple. The end goal of treatment is to interrupt the “vicious cycle” of DED
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and restore tear film homeostasis. Therefore the first step in achieving this aim would be to identify
the patient’s primary source of disease as it is critical in helping to select the most appropriate
therapeutic strategy.26 However, due to the multi-factorial nature of DED, standardising
management protocol that is practical in a clinical setting remains a challenge. The evidence-based
algorithm constructed by the TFOS DEWS II Management and Therapy subcommittee sequences
treatments according to disease severity, but also cautioned that the management of DED remains
“something of an art” and a defined algorithm may not accommodate all patients. Therefore,
optometrists and ophthalmologists must exercise their clinical skills to judge the underlying disease
processes that manifest the ocular surface dysfunction so they can form tailored treatment plans
for their patients.

1.2

Meibomian Gland Dysfunction

1.2.1 Meibomian Gland Dysfunction Definition
Meibomian gland dysfunction (MGD) has been defined by the TFOS International Workshop on
MGD as “a chronic, diffuse abnormality of the meibomian glands, commonly characterised by
terminal duct obstruction and/or qualitative/quantitative changes in the glandular secretion. This
may result in alteration of the tear film, symptoms of eye irritation, clinically apparent inflammation,
and ocular surface disease.”7

Prevalence and Risk Factors
Although the condition appears to be more commonly diagnosed in males and in older age
groups,63, 64 MGD has a high overall prevalence, affecting up to almost 70% of the population in
some parts of the world.65 Figure 1.2 illustrates the prevalence of MGD reported by several
population-based studies. Although these rates differ depending on factors such as diagnostic
criteria, it has been confirmed via meta-analysis that MGD morbidity is observed to be much higher
in Asian populations (over 60%) compared to Caucasian (3.5 to 19.9%). 1, 66 Risk factors which may
coexist with, or contribute to the pathophysiology of MGD include ocular influences such as contact
lens wear,67 anterior blepharitis,68 and Demodex mite infestation.69 Systemic influences that may
aggravate MGD include aging,70 androgen deficiency,71, 72 menopause,73 Sjögren’s syndrome,74
acne rosacea,75 psoriasis,76 hypercholesterolemia,77 atopy,42, 78 high blood pressure,79 and ageassociated prostate gland enlargement (benign prostatic hyperplasia, BPH).17,

80

Medications

known to be adversely associated with MGD include antiandrogens, 72 BPH treatment
medications,80 postmenopausal hormone therapy,73 antihistamines,2 antidepressants,17 and
retinoid acne treatments.81
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Prevalence of MGD reported by epidemiology studies performed in predominantly
Asian (Shihpai,82 Beijing,65 Japanese83, Bangkok84) and Caucasian (Melbourne,85
Salisbury,86 Spain87) populations.

1.2.2 Anatomy and Physiology
Meibomian glands (MGs) are tubuloacinar holocrine glands vertically embedded within the upper
and lower eyelid tarsal plates, which actively secrete an oily substance known as meibum onto the
lid margin just anterior of the mucocutaneous junction, the transition zone between keratinised skin
and the palpebral mucosa.88, 89 When the meibum spreads onto the anterior surface of the eye, it
helps to promote tear film stability and form a barrier against aqueous evaporation. 90 Each MG
consists of a central duct branching laterally into multiple ductules that open into acini.91 The central
ducts run in parallel throughout the length of the tarsal plates and their orifices open at the posterior
lid margin.42, 89 The number and volume of MGs is greater in the upper eyelid (approximately 25 to
40) than in the lower eyelid (approximately 20 to 30).92, 93 In contrast to the sebaceous glands of
the skin found elsewhere in the body, MGs have a dense meshwork of sensory, autonomic and
peptidergic neural fibres surrounding each acinus, which release neurotransmitters to regulate MG
secretory function.94 In addition, the presence of androgen and oestrogen receptors suggest that
MG function is also under hormonal regulation,72 with androgens reportedly increasing meibum
outflow and oestrogens inducing the converse effect.33, 71, 95
The production of meibum is based on holocrine secretion. 96 Each acinus is filled with secretory
cells termed meibocytes that migrate toward the centre of the acinus as meibum-containing vesicles
increase within the cytoplasm.97 Ultimately, the cell membrane disintegrates when the meibocyte
reaches the ductule, releasing the contents. In addition to the secretory force from the constant
production of new meibocytes in the acini driving the glandular oils toward the orifice, a muscular
“milking action” is generated during the blink by the orbicularis and Riolan’s muscles to further
contribute to the delivery of meibum to the lid margin.98 Mass spectrometry has been employed by
numerous experiments to characterise meibum lipid profile, and studies generally agree that
meibum consists of various polar and nonpolar lipid classes, especially wax esters, sterol esters,
phospholipids and free cholesterol.99-105 Literature has also reported a broad range of melting points
for human meibum (between 32 and 45°C),106,

107

which is likely attributable to different
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measurement methodologies as well as varying biochemical composition of meibum among test
subjects. Once meibum is released onto the eyelid margin, it is distributed over the ocular surface,
by blinking, to form the outer lipid layer of the precorneal tear film (TFLL).

The precorneal tear film (Figure 1.3) serves several functions. It lubricates the exposed ocular
surface and protects it from invading pathogens and environmental insults. Not only does the
avascular cornea rely on this thin layer of fluid for nutrients and oxygen, 108 but it also provides a
smooth refractive surface at the air-fluid interface by compensating for any irregularities on the
corneal surface.24, 109, 110 The original trilaminar model of the tear film described by Wolff over half
a century ago comprised an inner mucin layer, an overlying aqueous layer and an outer lipid
layer.111 Since then, the consensus among researchers is towards a bilaminar model. 112 In the
contemporary two-layer structure, the aqueous and mucin layers are considered a single
mucoaqueous gel phase, where the mucin concentration gradually decreases from the epithelium
towards the outer lipid shell.

The aqueous phase of the mucoaqueous gel is predominantly secreted by the lacrimal gland. It
contains electrolytes, vitamins, hormones, growth factors, soluble proteins, immunoglobulins and
mucins.109,

113

Mucins are highly glycosylated glycoproteins that are categorised as either

transmembrane (MUC1, MUC4, MUC16) or secretory (MUC5AC, MUC5B).114 They are expressed
by epithelial tissues of mucosal surfaces, such as the conjunctiva. Mucins reduce the
hydrophobicity of the epithelial cell surfaces to improve wettability of the cornea.115 The goblet cells
of the conjunctiva are the primary source of gel-forming mucins, with MUC5AC being the most
abundantly expressed.116 The tear film lipid layer (TFLL) is derived primarily from the lipid-rich
meibum117 secreted from the MGs. As described earlier, the oily substance travels through a system
of ductules connected to a central duct that terminates with an orifice at the posterior lid margin.
The expressed meibum is then driven by surface tension forces to spread across the tear film with
each blink.109 Polar lipids in the TFLL interact with tear lipophilic proteins (lipocalin), which help to
promote thermodynamic stability between the hydrophobic uppermost layer of nonpolar lipids and
hydrophilic mucoaqueous phase underneath.118,
aqueous vapour

loss90

119

An intact TFLL is integral to counteracting

by maintaining a stable tear film,120 and in normal patients the tear break-

up time (TBUT) is around 10-20 seconds.90, 121 In MGD patients, however, diminished meibum
delivery and/or alteration of the lipid biochemistry can significantly shorten the TBUT. 42 Disruption
of tear film integrity causes the underlying mucoaqueous gel to evaporate rapidly, 90 which can
ultimately lead to desiccation, irritation and inflammation of the ocular surface. 122
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Schematic representation of the structure of the precorneal tear film.

1.2.3 MGD Pathogenesis
The TFOS International Workshop on Meibomian Gland Dysfunction 7 (MGD) developed a
classification scheme that distinguishes MGD subtypes on the basis of glandular secretary function.
The system further segregates those groupings according to potential clinical outcome and
aetiologies.7 The Definition and Classification Subcommittee emphasised that obstructive MGD
appears to be the most pervasive amongst all the disease subdivisions. Figure 1.4 demonstrates
the core mechanisms involved and how they relate to the inflammatory events of EDE.
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The entry points and chain events in the Vicious Circle of obstructive MGD,
adapted from Bron et al. TFOS DEWS II pathophysiology report.23

1.2.3.1

Hyperkeratinisation

Hyperkeratinisation of the terminal ductal epithelium is thought to be central to the early stages of
MGD (Figure 1.5). Keratinised cells slough into ducts and in combination with increased meibum
viscosity, promotes obstruction of MG orifice.123-126 The build-up of continuous secretory pressure,
accumulation of meibum and cellular debris eventually results in cystic dilation of the ductules.
“Disuse” atrophy may follow,127 leading to a loss of meibocytes, which is visible as MG dropout
during meibography imaging.128 Overall, the outcome of MGD is reduced meibum secretion. The
consequences of this may include reduced tear film stability, increased tear evaporation, tear
hyperosmolarity, and amplified bacterial load on the lid margins as a result of the decrease in
antimicrobial activity from reduced meibomian lipids.129
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Hyperkeratinisation of the lower eyelid margin epithelium.

Acinar Atrophy

Following hyperkeratotic obstruction of the gland orifice, the MG may undergo degenerative
atrophy.91, 127, 130, 131 In addition, subsequent intraglandular pressure from the stasis of continuously
secreted meibum can also contribute to this process. Consistent with other organs of the body,
progressive loss of MGs may also be influenced by aging. 91, 132, 133 The aging process alters the
posterior lid margin morphology with adverse changes such as increased vascularity, cutaneous
hyperkeratinisation and orifice narrowing.70 It also diminishes the number of active MGs, reduces
meibum expressibility and causes visible gland tissue loss, observed clinically as MG dropout, 134,
135

although evidence to confirm whether gland dropout reflects physical loss of MG tissue, or simply

a loss of gland contents that result in it assuming the characteristics of the surrounding tissues, is
lacking. Given atrophic events occur in other ocular glands, such as the acinar atrophy in human
lacrimal gland, the possibility should be considered that there is a primary, age-dependent form of
MGD that leads to a gradual loss of MG function.127

1.2.3.3

Inflammation

Inflammation, in the aetiopathogenesis of MGD, may be intertwined with glandular obstruction and
bacterial colonisation of the eyelid margin,42,

68, 136

however researchers have largely failed to

identify a direct link between meibum stagnation and inflammation.124, 137 Thus, it remains uncertain
whether inflammation has a causative role or is merely a sequela of abnormal MG function. 42, 136139

This lack of clarity in literature may also be attributed to how inflammation is defined. If

interpreted in the traditional sense, overt inflammation is the presence of inflammatory cell
infiltration, first demonstrated in MGD in histopathology studies of tarsal plate tissues obtained at
autopsy from Gutgesell et al.136 In contrast, Obata et al. observed leukocyte migration was absent
in most cases of obstructive MGD,131 which raises uncertainty over whether these changes
represent pathologic features of MGD.91 To date, there is no evidence to confirm inflammation
within the glands themselves in MGD.23, 140
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From the current molecular biology perspective, measurable stress responses from the loss of
homeostasis at the ocular surface as a result of MGD would demonstrate a “pro-inflammatory
state”,141-143 which presents clinically as symptoms of ocular irritation.144,

145

In support of

inflammation representing a downstream effect of MGD, it is postulated that increased
intraglandular pressure causes cell stress within ductal and acinar epithelia, which triggers the
activity of cell proteins in the MGs with consequent release of inflammatory mediators, and
ultimately the establishment of local inflammation.124

1.2.3.4

Role of Bacteria

Inflammation can also be classified according to the presence or otherwise of an underlying
infectious state. Rather than direct and active bacterial infection being implicated,42, 44 it is believed
that overpopulation of commensal bacteria on the eyelid margins and within the glands, is more
pathogenically

relevant.146-148

Gram-positive

organisms

(Staphylococci,

Corynebacterium,

Streptococcus and Propionibacterium species) are common commensals of the mucosal tissues
and eyelid margins of healthy individuals,149, 150 and less common gram-negative (Haemophilus,
Neisseria and Pseudomonas species) and fungal isolates have also been cultured from the ocular
surface, however in low numbers these are associated with minimal to no signs of inflammation or
infection.149 Compared to normal subjects, several bacteriological investigations have observed
increased microbial load on the eyelids of MGD patients.151-153 Whereas Graham et al. did not detect
marked differences in the identified bacteria species between normal and dry eyes using culture
and DNA sequencing techniques, thus failing to isolate a disease-specific microbial population.154

The pathogenic role of bacteria is believed to arise from secreted esterases and lipases, causing
the breakdown of normal meibum complex lipids into potentially inflammatory free fatty acid
fragments and glycerides.155-158 These molecules irritate the ocular surface, which in turn promotes
inflammation and hyperkeratinisation, thus completing the self-perpetuating Vicious Circle of MGD
(Figure 1.4).148, 155 Enzymatic action also alters the meibum lipid profile by raising the level of
esterified cholesterol and increasing its melting point, making the secretion more difficult to express
from the glands.107, 159, 160 Shine et al. demonstrated in vitro that cholesterol can stimulate S. aureus
growth, which suggests that the hydrolysis of cholesteryl esters in vivo may be a factor in
propagating Staphylococcus colonisation in some cases of chronic blepharitis.161 Ultimately, the
stasis of meibum within the MGs feeds back to further promote the propagation of commensal
bacteria.130

1.2.3.5

Role of Demodex

Demodex mites shown in Figure 1.6 are microscopic ectoparasites considered part of the normal
skin fauna.162, 163 They commonly reside within the eyelash follicles (Demodex folliculorum) and
deep within the MGs (Demodex brevis).163-165 The presence of Demodex is recognised to
13

PART I

CHAPTER 1

exacerbate anterior blepharitis and MGD, and is often incriminated in the aetiology of blepharitis
that is refractory to conventional treatment.165,

166

High densities of Demodex have been

demonstrated to correlate positively with severity of ocular signs and symptoms of DED, as well as
increasing age.167,

168

The exact mechanisms of Demodex pathogenicity are yet to be fully

elucidated, but proposed pathways include direct damage to the tissue by physically blocking the
MG orifice, as well as their consumption of epithelial cells and micro-abrasions caused by the mite’s
claws, which are believed to contribute to epithelial hyperplasia and reactive hyperkeratinisation.
Demodex may also be a vector for bacteria with their antigens, which can trigger a cascade of host
inflammatory responses. Lastly, the chitinous exoskeleton of Demodex, and their debris or
breakdown products may elicit the host’s inflammatory responses via a delayed hypersensitivity
reaction.166

Figure 1.6

1.2.3.6

Microscope view of multiple and single Demodex folliculorum.

Meibum Composition

Various analytical techniques have demonstrated that blepharitis and MGD can alter normal
meibum lipid composition, disturbing the ratio, altering the levels and inducing conformational
changes of polar and non-polar lipids.101,

103, 160, 169-174

At a molecular level, this affects the

interaction between lipid-lipid and lipid-protein, which eventually leads to compromised tear film
composition and function that result in EDE.90 Shine and McCulley observed that changes to
meibum lipid types differed depending on the subtype of lid disease.102, 175, 176 Compared to normal
controls, the relative amounts of cholesterol esters in meibum generally decreased with MGD. 173,
177

Furthermore, patients suffering from hypersecretory MGD appear to harbour more coagulase-

negative Staphylococcus bacteria compared to healthy individuals.156 These are capable of
hydrolysing cholesteryl oleate to increase the relative amounts of oleic acid in the meibum,176 which
clinically, may explain the “burning” sensation reported by afflicted patients. 176 For obstructive MGD
(the most common form of MG disease), described changes to the meibum lipid composition have
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included decrease in triglycerides and cholesterol levels, but a higher concentration of wax esters
(WE), short-chain WEs,178 and monounsaturated fatty acids.176 Together, these alterations
contribute to raising the meibum melting point, promoting inspissation within the central duct.160
Modifications to meibum lipid profile may also differ according to disease severity. 179 Compared to
mild DED cases (classified according to the Ocular Surface Disease Index score), Lam et al.
reported that moderate DED displayed lower levels of triglycerides, higher levels of cholesterol
esters (C18:0, 20:0 and 21:0), and a decreasing relative proportion of several O-acyl-ω-hydroxy
fatty acid classes was observed as disease severity worsened. 180 Given the MG is an androgen
target organ, androgen deficiency has also been shown to modify the relative proportion of polar
and nonpolar lipids present in MG secretion.181, 182 Overall, lipidomic research suggests it may be
possible to use lipid species identified in meibum and tear fluid as potential biomarkers of DED. 183

1.2.4 Clinical Characteristics of MGD
Several key characteristics are considered important in the clinical diagnosis of MGD.184

1.2.4.1

Eyelid Morphology

Morphological changes such as plugging or pouting of the orifices are common clinical signs of
MGD,185, 186 secondary to accumulation of meibum and gland obstruction. As stated earlier, “disuse”
atrophy of the glandular acini secondary to dilation of the ducts can be observed as gland drop out
by transillumination, but is more readily visible via infrared meibography imaging technique
described in Section 1.2.4.6. Alterations to the morphology of the eyelid margin may be linked with
increasing age187 and long-term contact lens wear.188 However, research also indicates that anterior
or posterior translocation of the mucocutaneous junction, where the mucous membrane of the
palpebral conjunctiva and keratinised skin meet (also known as Marx’s line), is associated with
greater loss of MG function.187, 189 Other lid margin features characteristic of MGD include dimpling,
notching, surface telangiectasia, and formation of cystic concretions within the acini.184

1.2.4.2

Meibomian Gland Expression and Quality

The normal meibum resident in the MG ducts is a clear oil, which can be expressed by applying
light digital pressure to the tarsal plates.157 In MGD, the meibum becomes cloudy, viscous and
increasingly difficult to express.96, 157, 172, 190, 191 Consequent low secretion and poor delivery of
meibum onto the ocular surface produce a deficient tear film lipid layer (TFLL), a hallmark sign of
EDE.23, 44, 192, 193 In research, a standardised tool to ensure application of a consistent pressure is
used to grade meibum expressibility and quality.194
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Tear Film Lipid Layer

The TFLL spreads over the mucoaqueous phase of the tear film and performs an important role in
reducing water vapour loss from the ocular surface.90 Obstructive MGD, associated with reduced
TFLL thickness,90 is recognised as the most common cause of EDE. 6, 7, 44, 195 MGD treatments
aimed at improving meibum outflow into the tear film have been shown to increase the lipid layer
thickness and overall stability of the tear film.121, 196, 197 The thickness of the TFLL can be estimated
using the principle of thin film interferometry, whereby the predominant colour fringe pattern
observed under white light is representative of the thickness of the layer. 198, 199 The mucoaqueous
phase and TFLL are considered dependent entities in DED with significant overlap in the
pathophysiology of EDE and ADDE noted with advancing disease. 6, 23 In fact, Goto and Tseng
noticed eyes diagnosed with aqueous deficiency displayed poorer tear film dynamics than normal
eyes,200 and concluded that the mucoaqueous layer appears to play a complementary role in
providing an adequate base upon which the meibum can spread to form the protective TFLL.201, 202

1.2.4.4

Ocular Surface Quality

Ocular surface epitheliopathy may be encountered secondary to MGD. 203 Aetiological factors that
have been posed in literature include evaporative water loss resulting in a loss of lubrication that
causes frictional damage that in turn promotes the release of inflammatory mediators into the
hyperosmolar tear film.43, 204 Exacerbating the situation are proinflammatory by-products of lipid
hydrolysis that arise through the enzymatic action of microbial commensals. 205 In clinical settings,
ocular surface damage may be quantified by grading staining of the cornea and conjunctiva,
including the marginal conjunctiva,25 using ocular dyes such as sodium fluorescein (NaFl,
Figure 1.7) or Lissamine green (LG, Figure 1.7 and Figure 1.8).30, 206 For research purposes, direct
measurement of inflammatory mediators in the tear fluid can be made with biochemical techniques
such as multiplex immunobead assay.207 Alternatively, the inflammatory status of ocular surface
cells may be assessed from samples collected by impression cytology, using flow cytometry, 208 or
through quantitative polymerase chain reaction technique (qPCR).209
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Ocular surface staining on the temporal conjunctiva with sodium fluorescein (left)
highlighted with the use of a blue excitation filter and yellow barrier filter; and
Lissamine green (right) observed under white light slit lamp biomicroscopy.

1.2.4.5

Lid Wiper Epitheliopathy

Lid wiper epitheliopathy (LWE) is believed to be a sign of frictional damage, signifying damage to
the marginal conjunctival epithelium of the lid margin (the lid wiper) that wipes the ocular surface
during blinking. It stains prominently with Lissamine green (Figure 1.8).49, 210, 211 LWE is believed to
be caused by mechanical trauma of the lid wiper area against the surface of the eye as a result of
insufficient lubrication.23, 212 Prevalence is observed to be higher with advancing age 213 and has
been suggested to be one of the clinical signs associated with contact lens discomfort,210, 211, 214
although further investigation is warranted in light of recent research evidence that suggests this
link may be equivocal.212, 215, 216 LWE has also been reported to correlate more closely with DED
diagnosis than does corneal staining.217 Therefore LWE has been recommended as a useful
diagnostic tool by Korb et al.211 The same authors have devised a standardised scale to grade the
length and depth of LWE for clinical documentation.210

Figure 1.8

Lid wiper epitheliopathy, stained with Lissamine green, visible on the nasal portion
of the everted lower eyelid.
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1.2.4.6

Meibography

Loss of acinar tissue resulting in MG dropout can be detected by meibography, which is an imaging
technique developed many decades ago for the purpose of observing the gland morphology in
vivo.184 While various techniques and technologies exist, non-contact infrared meibography first
described by Arita et al. is considered the current gold standard. 186 This method records an image
(Figure 1.9) of the everted upper and lower eyelids illuminated with an infrared source, using an
infrared filter and charge-coupled camera. Patients with obstructive MGD typically display features
such as gland shortening, distortion, dilation and tortuosity on meibography. Similar to LWE,
researchers have developed scoring systems to standardise the documentation of MG drop out.128,
218, 219

Overall, meibography is a rapid, comfortable test for the patient, thus becoming increasingly

popular in ophthalmic practices that make diagnosing and managing ocular surface disease a
priority.

Figure 1.9

Non-contact meibography of lower eyelid showing meibomian gland dropout
captured on the Oculus Keratograph 5M.

1.2.5 Current MGD Management
Despite potential contributions from auxiliary factors such as lid margin flora, tear hyperosmolarity,
and ocular surface inflammation, hyperkeratinisation of the terminal ducts plays an important role
in obstructive MGD.91, 138, 220 It follows, then, that the success of any obstructive MGD treatment will
be reliant on optimising orifice patency, and secondarily upon the management of coexisting
sequelae.221 Summarised below are several current treatment options.

1.2.5.1

Lid Hygiene, Warm Compresses and Massage

The mainstay treatments for MGD have traditionally been: 1) mechanical removal of pathogens
and/or debris from eyelid margins with diluted baby shampoo or commercial lid cleansers, 222 2) heat
application (commonly achieved by warm compresses) aimed at improving meibum expressibility
by melting the thickened meibum within gland ductules and solidified plugs at gland orifice, 137, 223
3) digital massage to mechanically express the softened meibum from orifices.221, 224 The outcome
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of these three steps, if performed correctly and diligently, is to expel abnormal secretions from
obstructed glands in order to facilitate normal MG function. 121,

196, 225, 226

However, it remains

unknown whether this primary conventional treatment for MGD stimulates molecular pathways that
encourage normal MG function. In-office therapeutic expression of the MGs may provide better
prognostic outcomes in recalcitrant MGD cases; this procedure involves forcefully squeezing the
eyelid against a rigid surface (e.g. Mastrota paddle) inserted between the inner lid surface and the
eyeball.227 Patients are recommended to then supplement this with self-expression at home, but
repeated instruction to the patient on properly and regularly applying lid hygiene and warm
compress therapies, is necessary,221 otherwise the recommended self-management techniques
may be perceived as ineffective, and result in reduced treatment compliance. Another hurdle for
this home therapy is that hot washcloths that were recommended in the past tend to lose heat
rapidly.228 Therefore industry has developed contemporary alternatives for MGD patients such as
microwaveable wheat bags229 and latent heat devices230 that provide better thermal energy
retention and delivery.

Where significant eyelid margin keratinisation of the mucosal tissue is identified, debridement of
the cellular debris is often proposed as an adjunct treatment to help unblock the plugged orifice,
thus enhancing the effectiveness of subsequent warming therapy. 231 During debridement, topical
anaesthesia is applied to numb the ocular surface for patient comfort, and to soften the keratinised
lid margin tissue, then cellular debris is carefully removed with a golf club spud. According to
eyecare providers there is considerable overlap in patients presenting with anterior blepharitis and
MGD.232 Hence another commonly observed co-morbidity is Demodex infestation, especially in the
elderly population,162 and cylindrical collarettes around the base of the lashes are considered highly
suggestive of ocular demodicosis.233 Current research reports lid hygiene treatment with a tea tree
oil-based cleanser, supplemented by a weekly 50% tea tree oil lid scrub in-office with an eyecare
professional for one month, as an effective eradication method.167, 234

1.2.5.2

Artificial Lubricants

Artificial lubricants are a further mainstay treatment of ocular surface disease. Whether caused by
increased evaporation of tears or reduced production of tears, DED elevates the tear osmolarity, a
central mechanism of dry eye pathophysiology. Instilling artificial lubricants dilutes the
hyperosmolar tear fluid and can decrease friction between the eyelid and ocular surface during
blinking.235 It can also improve tear film lipid layer spreading to form a more intact protective
barrier.236 Furthermore, the frequent use of artificial lubricants flushes the ocular surface of toxins
and dilutes proinflammatory stimuli.237 Factors to consider in the selection of artificial lubricants
include preservative toxicity, formulation viscosity and lipid content. DED that requires more
frequent drop instillation may benefit from preservative free and lubricant formulations with longer
retention times on the ocular surface, and patients with lipid insufficiency, as observed in MGD,
may receive extra benefit from lipid-containing eye drops or liposomal sprays.238-240
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Topical Therapies

Antibiotics
Inflammatory sequelae from the production of inflammatory mediators is believed to contribute to
the pathogenesis of MGD,148, 155 therefore topical antibiotic therapy can be used in MGD with
concurrent anterior blepharitis to reduce the bacterial load on the ocular adnexa and minimise the
adverse effects of bacterial exotoxins.26, 241 As previously described, the most common commensal
bacteria of the eyelid are Staphylococcal species,147, 242 therefore an antibiotic effective against
Gram-positive bacteria, such as fusidic acid is typically prescribed.243

Corticosteroids
Topical corticosteroids with limited corneal penetration, such as fluoromethalone, are a potent
treatment option and may be indicated for short-term management of inflammation associated with
severe MGD.221 Corticosteroids dampen the immune response by binding to glucocorticoid
receptors, which ultimately inhibits T-cell mediated immunity and gene transcription of cytokines
such as interleukin-6.244, 245 The chronic nature of dry eye associated with MGD does not lend itself
to long term use of corticosteroids due to the risks of serious side-effects such as cataract formation
and intraocular pressure elevation.244

1.2.5.4

Systemic Therapies

Tetracyclines
Tetracyclines (such as doxycycline and minocycline) are bacteriostatic antibiotics used in the
management of MGD for their anti-inflammatory more than their antimicrobial properties.246-250
Doxycycline prescribed at a low dose (around 50 mg/day for 6-12 weeks) suppresses bacterial
lipase production, reducing the release of proinflammatory free fatty acids and diglycerides at the
ocular surface.248 Tetracyclines are generally well tolerated, but their use is contraindicated in
pregnancy, nursing mothers, infancy and childhood (<12 years) due to the risk of tooth
discolouration. Systemic azithromycin for MGD therapy has also been shown to be beneficial in
managing MGD and can prove useful particularly in cases where doxycycline cannot be
prescribed.251 While the optimal regime remains under debate, Kashkouli et al. showed superior
efficacy and clinical response relative to systemic doxycycline in MGD patients following an oral
5-day azithromycin course (500 mg on day 1 and then 250 mg/day) in a randomised clinical trial. 252
Azithromycin modulates the expression of proinflammatory cytokines and has greater potency
against Gram-negative micro-organisms than the other members of the macrolide family.253-255

Essential Fatty Acids
Omega-6 essential fatty acids (EFAs) and omega-3 EFAs cannot be synthesised by the body and
therefore must be ingested through food.256 EFAs are the precursors of locally acting hormones
known as eicosanoids, which regulate many aspects of the inflammatory process. 257 Omega-6
EFAs give rise primarily to proinflammatory eicosanoids, while omega-3 EFAs lead predominantly
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to anti-inflammatory eicosanoids.257, 258 Both EFAs compete for the same enzymes (delta 5 and
delta 6 desaturases) during this process of conversion. The inflammatory physiologic state of the
body depends on the balance of these circulating biomolecules and this balance can be altered by
the relative intake of EFAs. Dietary patterns in the developed world often lead to overconsumption
of omega-6 EFAs,259, 260 which promotes inflammation. Increasing systemic omega-3 EFA levels
through dietary intervention has the potential to improve DED status by inhibiting the production of
omega-6 derived pro-inflammatory mediators and enhancing production anti-inflammatory
mediators.261, 262 Several clinical and epidemiological studies describe improvements in tear film
lipid layer quality with omega-3 dietary intervention.259, 260, 263, 264 but recent research has questioned
whether clinical benefit exists over placebo.265 Of note, all sources of omega-3 EFAs are not
biologically equivalent, such that animal oils are more effective in their breakdown and delivery than
plant sources.266 Even within marine sources, differences in bioavailability exist, with krill oil
suggested to confer additional benefits over fish oil supplementation in the treatment of DED.261

1.2.5.5

Heat Application Technology

Thermal Pulsation
The reported melting point for obstructed MGD secretions ranges from 32 to 45°C. 106 Traditional
warm compress and digital massage treatment is limited in its efficacy due to the distance of the
glands from the anterior lid surface and likely dissipation of heat before reaching the glands, such
that it can only achieve a maximum temperature of around 40°C at the inner surface of the lower
eyelid when the compress is heated to 45°C.267 To overcome this constraint, a thermal pulsation
device (LipiFlow, Johnson and Johnson, Morrisville, USA) was developed with heating elements
contained within haptics inserted beneath the patient’s upper and lower eyelids that allow direct
heat application to the palpebral surfaces while protecting the cornea from thermal damage. 268 As
the MGs are heated from the posterior aspect of the eyelid, air bladders on the anterior lid surface
pulsate to express the warmed secretions from the glands. Improvements in patient symptoms and
MG functionality have been evidenced up to 12 months after a single treatment.269

Latent Moist Heat Therapy
Blephasteam (Laboratoires Théa, France) can be used to deliver heat to the eyelids in a repeatable
manner, without direct contact with the eyelids. The device allows the user use of their vision during
treatment to carry out normal task activities such as reading and watching television. Studies have
shown that regular use improves dry eye symptomology and signs,270 and appears to provide more
effective warming than traditional compress therapy in a group of healthy volunteers. 271 However a
more recent study showed comparable benefit, following single application, of Blephasteam, warm
compresses and liposomal spray in MGD.272
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Intense Pulsed Light
Intense pulsed light (IPL) therapy uses a broad-spectrum, non-coherent, polychromatic light source
with a wavelength spectrum ranging between 500 and 1200 nm, 273 to treat MGD.274 Demonstration
of therapeutic efficacy in managing dry eye due to MGD from a number of clinical trials has emerged
only within the last five years, but differences in the participant characteristics, study design,
treatment protocols, device parameters and outcome measurements among clinical trials have
hindered direct comparison of results between the studies. 275-288 Many of the reported outcomes
have arisen retrospectively from patients treated in a clinical setting. Furthermore, prospective
studies have largely been performed unmasked, without placebo-control and often in combination
with therapeutic MG expression, which is a confounding factor in interpreting the results of IPL
treatment efficacy.

1.3

Rationale for Research

The challenge faced by patients and clinicians is that current management strategies for MGD are
generally palliative and often provide only transient symptomatic relief. Artificial tears, daily eyelid
warm compresses to increase the temperature of meibum within MGs, and manual expression to
encourage lipid release tend to be considered time consuming and inconvenient. 267 As ocular
benefits are not immediately experienced, patients frequently perceive traditional treatments being
ineffective, which results in poor self-management compliance. The response to this problem has
been growing international research efforts from academic and industry sectors to consider and
design alternative management options.

As described in Section 1.2.5.5, a novel DED therapy to have emerged in recent years is periocular
IPL. However, with more than half a decade on the commercial market, and IPL offered in almost
100 practices around Australasia as a treatment for DED, there remains a paucity of Level 1
evidence demonstrating unequivocal benefits of therapy. A prospective trial by Craig et al. on
participants with MGD confirmed that post-IPL, there were significant improvements to the lipid
quality and stability of the tear film, as well as reduced patient symptoms. 275 Consistent with
retrospective findings,288 the benefits were demonstrated to be cumulative and significance was
achieved only after at least two IPL treatments (on Day 1 and Day 15). Craig et al. recommended
further evaluation was required due to several acknowledged limitations in their study design. First
limitation was the paired-eye design, which was used in this trial to minimise the sample size
required to show an effect. However, the use of paired-eye control does not account for potential
cross-over effects between the treated and untreated eye.289 In striving to maintain participant
masking of treatment allocation, a sham treatment was constructed using a white-blocking filter
over the active handpiece applied to the fellow (untreated) control eye. Although much less powerful
in terms of the light reaching the target tissue, this design raises issues with respect to an
unquantified, non-null control. Another acknowledged limitation of this study was the relatively short
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follow-up period (6 weeks after the first treatment), hence the results measured at Day 45 (exit
exam) may not be representative of the maximal effect. It was considered that further benefits,
particularly symptomology, might be realised if measurements were made at a later time-point, or
subsequent to further IPL treatments. Lastly, the evaluation of outcome measures was performed
immediately after IPL application at each visit, therefore positive findings in the study may have
been inflated by the immediate effect of heat from treatment, rather than longer term resolution.
However, even the more recent prospective trials in literature on the efficacy of IPL therapy for EDE
are affected by varying degrees of scientific shortfalls, and a summary of these studies have been
outlined in Table 3.1. For example, Rong et al.276 followed a similar study design to Craig et al.
(paired-eye, placebo-control, double-masked, randomised) but evaluated the outcomes of IPL
combined with therapeutic MG expression, which introduced an inextricable confounding factor to
their results. Arita et al.277, 290 and Albietz et al.291 both demonstrated significant ocular benefits of
IPL therapy, however the open-label nature of their clinical trials result in the potential for
experimental bias.292

In addition to the dearth of well-designed prospective trials on the therapeutic effects of IPL for
MGD, limiting the potential acceptance or uptake of this newer technology, the mechanisms of
action underlying the clinical improvements remain incompletely understood. The majority of
proposed hypotheses are based on information in literature derived from IPL’s dermatological
application in the management of facial rosacea (discussed in detail in Chapter 3). 275, 282, 283, 293, 294
Although the anti-inflammatory effect of IPL has been reported broadly in the field of
dermatology,295-297 there is yet strong evidence to support an equivalent process at play in the
management of MGD. Based on the treatment of skin erythema, previous ophthalmological studies
have suggested that IPL induces coagulation of telangiectatic vessels through the principle of
photothermolysis, consequently reducing leakage of local inflammatory mediators. 298, 299 Albietz et
al. and Yin et al. observed significant improvements to lid margin vascularity and MG function with
treatment,

279, 300

while Liu et al. supported this clinical evidence by demonstrating a decrease in

tear inflammatory cytokines such as interleukin (IL)-17 A and IL-6.282 However, limitations based
on study design, mostly due to the use of concurrent therapeutic expression as a confounder and
the open-label nature/lack of control in the studies limits the benefit that can be attributed to the IPL
in itself. Additional molecular studies are required to fully elucidate this hypothesis and, given the
multifactorial nature of DED, it is acknowledged that more than one working mechanism may be
underpinning the therapeutic effect of IPL. Therefore, a clear gap in knowledge still exists, and this
lack of understanding hinders clinicians from maximising the therapeutic potential of IPL in the
management of MGD.

The research goals of this doctoral thesis are thus to evaluate the efficacy of IPL therapy for the
treatment of MGD using a range of sensitive clinical and laboratory-based techniques. Additionally,
possible mechanism(s) underlying the clinical effects are to be investigated in an attempt to gain a
fuller understanding of the therapeutic potential of IPL in treating MGD. Deciphering this might allow
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clinicians to better target patient selection to individuals who have the greatest chance of
benefitting, to offer more accurate prognosis, as well as to enable further therapeutic refinements
such as determining the optimal regime (i.e. number of treatment flashes, number of treatment
sessions, placement of IPL pulses on periocular zone). Moreover, the extended follow-up period in
this study, might provide some additional insight into the longer-term safety of periocular IPL and
the expected time course of symptomatic/clinical benefit for the patient. The protocol of the IPL
clinical trial conducted for this thesis is discussed in Chapter 6. In short, an effort was made to
extend and strengthen the existing evidence, by designing the current trial to be prospective in
nature, double-masked, placebo-controlled, non-paired eye, with no confounding effects from
parallel treatments, and with an extended follow-up period to assess the time course of effect in
IPL therapy. Furthermore, outcome measures were assessed one month after treatment (not
directly following application at each timepoint) to ensure effects are established changes and are
not only the temporary responses that could be related to the immediate local rise in temperature
during therapy or the pressure from protective patient goggles expressing the MGs.

Ultimately, the end goal of ophthalmic research is to disseminate scientific knowledge into the
clinical community to improve patient care. With advances in technology, it is pertinent to
understand how novel therapies such as IPL fit within current DED practices in New Zealand (NZ),
i.e. whether IPL should be considered a tertiary management option, which DED diagnostic
techniques need be performed in order to make appropriate patient selection? Since 2007, the
TFOS-sponsored international dry eye workshops have, through their recommendations for
clinicians, promoted consistency in diagnosing and managing DED in all its forms. 54-56, 301 However,
it remains unclear whether these resources have been effectively utilised by practitioners and to
what extent current clinical behaviours are evidence-based. Several previous studies have sought
to evaluate the self-reported DED clinical practices of eyecare providers overseas, but no
evaluation of NZ ophthalmic practitioners has been conducted since the publication of detailed
reports from TFOS Dry Eye Workshops. In recognition of the partnership between industry
development and the exponential publication of DED literature in the last decade, it is appropriate
to examine the landscape of DED practices in NZ and assess how IPL might fit within this
framework.
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The specific aims and hypotheses associated with this thesis are as follows:

Aims
1) To evaluate the diagnostic and therapeutic DED practices of NZ eye care professionals in
relation to current evidence-based guidelines.
2) To assess the therapeutic efficacy of IPL in reducing the signs and symptoms of MGD in a
prospective, randomised, double-masked, placebo-controlled, non-paired eye trial.
3) To explore the potential physiological mechanism(s) by which IPL might contribute to the
management of MGD.

Hypotheses
1) There is potential to improve the translation of DED research evidence into clinical practice of
NZ eye care professionals.
2) IPL therapy has therapeutic potential in MGD, by improving tear film quality and reducing DED
symptoms.
3) An underlying mechanism of action in IPL treatment of MGD is a reduction of inflammatory
mediators.
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CHAPTER 2. UNDERSTANDING

DRY

EYE

IN

THE

NEW ZEALAND CONTEXT
Chapter 1 described the pathophysiology of meibomian gland dysfunction (MGD) and recognised
many of the current therapeutic challenges involved. The aim of this chapter is to evaluate the selfreported clinical practices of New Zealand (NZ) optometrists and ophthalmologists with respect to
the diagnosis and management of dry eye disease (DED). A secondary purpose of this crosssectional survey was to compare these behaviours with the current evidence base. This chapter is
an edited version of the article entitled “A comparison of the self‐reported dry eye practices of New
Zealand optometrists and ophthalmologists”, which has already been published in a peer reviewed
journal (see below).

Publication arising from this chapter:
Xue AL, Downie LE, Ormonde SE, Craig JP. A comparison of the self‐reported dry eye practices
of New Zealand optometrists and ophthalmologists. Ophthalmic Physiol Opt 2017; 37: 191–201.
doi:10.1111/opo.12349

2.1

An Inter-disciplinary Comparison of the Self-reported Dry

Eye Practices of New Zealand Eye Care Clinicians
2.1.1 Introduction
The Tear Film and Ocular Surface Society Dry Eye Workshop II (TFOS DEWS II) Epidemiology
Subcommittee reported that DED is a growing public health concern as it causes chronic ocular
discomfort in up to 35% of the population in some parts of the world,18 and can severely impact
quality of life of those affected.221, 302 However, the challenge faced by eye care providers is that
DED diagnosis and management is often complicated by the poor association between clinical
manifestations and patient symptomology.27, 303 Without universal consensus for a “gold standard”
test,30 there is considerable variation in self-reported diagnostic strategies among optometrists and
ophthalmologists.57, 58, 62, 304-306 Previous studies have demonstrated that many practitioners rank
patient symptoms as their primary diagnostic and management indicator for DED, yet this is rarely
undertaken with standardised questioning.57-59, 62, 304, 305 Preferences for specific clinical testing
procedures are anecdotally recognised to differ depending on practitioners’ profession and
demographics. Only two published studies have reviewed optometric practices relating to the
stratification of treatment according to DED severity, as well as considering the source or quality of
scientific evidence that drives respondents’ clinical judgments. 61, 62 The TFOS Dry Eye Workshop
was formed to promote consistency in DED care in all its forms, because the end goal of ophthalmic
research is to improve patient care. Therefore, an exploration into the landscape of New Zealand
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DED practices was important in order to decipher how a novel therapy like Intense Regulated
Pulsed Light might fit within this framework.

This study evaluated the self-reported diagnostic and management strategies of NZ optometrists
and ophthalmologists for DED. The respondents’ clinical behaviour was compared to the most
current evidence-based guidelines published at the time of this survey in early 2015, as informed
by TFOS DEWS30, 224, 307 and the International Workshop on MGD.184, 221 A secondary aim of this
study was to explore the potential influence of practice demographics, clinical experience and selfperceived interest in DED; and additionally for optometrists, the influence of therapeutic
endorsement status on self-reported clinical behaviour. Although primary analyses on survey data
concluded in early 2016, best practice guidelines for DED have since been updated with the
publication of TFOS DEWS II in 2017.6, 25, 26 Therefore, a tertiary aim of this study was to assess
the respondents’ clinical protocols against the most contemporary findings at the time of thesis
publication in order to ensure the appropriate translation of research evidence into practice and
identify strategies for improvement.

2.1.2 Materials and Methods
2.1.2.1 Participants and Survey Design
This project followed the tenets of the Declaration of Helsinki and was approved by the University
of Auckland Human Research Ethics Committee (Ref. 9648). Only completed surveys were
included in analyses.

An anonymous online questionnaire (Appendix B), hosted by Qualtrics, was emailed to 614
registered optometrists, via the NZ Association of Optometrists, the Cornea and Contact Lens
Society of NZ, and Specsavers Optometrists NZ; and to 113 ophthalmologists, via the Royal
Australian NZ College of Ophthalmologists (RANZCO), Auckland District Health Board, and
Counties Manukau District Health Board. A total of 20 questions was presented, in sequence,
without the option to review or alter preceding answers. The survey, which was adapted from that
described by Downie et al.62 and pilot-tested by the authors, surveyed four primary aspects of DED
practice: 1) practitioner demographics, practice modality, specialisation, tear film knowledge and
frequency of undertaking tear film evaluations; 2) diagnostic procedures; 3) treatment strategies,
patient review frequency and perceived management success; 4) information and evidence
sources underlying these self-reported clinical behaviours. Table 2.1 summarises the questions
surveyed. Participants were classified as knowledgeable of tear film evaluation concepts if they
provided a correct response to two questions relating to diagnostic tests for tear volume and tear
film quality/stability assessment.
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Summary of categories and questions presented in the self-reported DED
practices survey.

Question Category

Questions Surveyed

Practitioner

•

demographics and
tear film knowledge

Year optometry registration or ophthalmology training was
commenced

•

†Therapeutic

•

†Mode

accreditation status (forced choice)

of optometry practice (i.e. corporate, independent,

academic, hospital, locum, other, solo, group)
•

‡Mode

of ophthalmology practice (i.e. general or subspecialist) and

percentage of time spent in the following modes of practice:
independent practice (single or multiple owners), academic
institution, hospital, other
•

‡Self-reported

subspecialty/ies (i.e. cataract, cornea and external

eye disease, glaucoma, medical retina, neuro-ophthalmology,
ocular oncology, oculoplastics, paediatrics, refractive surgery,
strabismus, uveitis, vitreo-retinal)
•

Postcode of primary place of practice

•

Self-declared clinical or research interest in DED (forced-choice
selection, yes/no)

•

Average number of tear film evaluations performed per week

•

Average number of patient examinations conduced per week

•

Estimation of approximate percentage of patients who exhibit
aqueous deficiency, anterior blepharitis and MGD

•

Open answer response for specifying one test for assessing each
of tear volume and tear stability

Diagnostic techniques

•

Most important clinical procedures for diagnosing DED from 20
options (forced choice selection of three techniques)

•

Selection of an unrestricted number of responses from 20 options
for which diagnostic techniques are routinely used

•

Ranking the clinical value of each of the 20 diagnostic techniques,
where 1 = never useful or not applicable, 3 = rarely useful, 5 =
sometimes useful, 7 = mostly useful, 10 = always useful

•

Preferred method used to routinely grade dry eye severity from six
options (forced choice selection)
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•

Unrestricted number of selections from 17 options of therapies that

strategies, review

would be recommended for each of mild, moderate and severe

frequency and

symptomatic DED

treatment success

•

Open answer response to specify how long after commencing
treatment follow-up would be scheduled for mild, moderate, and
severe symptomatic DED

•

Ranking perceived success of management for mild, moderate and
severe symptomatic DED, where 1 = never successful, 3 = rarely
successful, 5 = sometimes successful, 7 = mostly successful, 10 =
always successful

•

†Selecting

the frequency of ophthalmologic referral for eight patient

scenarios, where 1 = never refer, 3 = rarely refer, 5 = sometimes
refer, 7 = mostly refer, 10 = always refer
Information and
evidence base

•

Two most important influences on the practitioner’s current
management approach for DED (forced choice selection from 11
options for optometrists and nine options for ophthalmologists; the
variation in option choices is due to tailoring the selection to what
is available to the respective professions)

Key: †indicates questions displayed only to optometrists,

‡

indicates questions displayed only to

ophthalmologists.

2.1.2.2 Data Analyses
Statistical analyses were performed using IBM SPSS Statistics (Version 23, SPSS, USA,
http://www-01.ibm.com/software/analytics/spss/) and GraphPad Prism (Version 6.0 for Windows,
GraphPad Software Inc., USA, http://www.graphpad.com/scientific-software/prism/). Data were
tested for normality with the Kolmogorov-Smirnov test. Non-parametric distributions were
compared with the Mann-Whitney test and parametric distributions with unpaired t tests. Descriptive
statistics were employed to analyse the conduct frequency of preferred diagnostic procedures,
basic knowledge of tear film evaluation, treatment and referral patterns and demographic
information. The Fisher’s exact test allowed comparison of data consisting of proportions of
respondents. The association between the number of diagnostic procedures performed and both
years of practice experience and the presence or absence of a self-declared interest in DED were
explored with Spearman’s rho test of correlation. All tests were two-tailed and p value < 0.05 was
considered significant. For multiple comparisons, Bonferroni correction was applied to the p value
as appropriate.
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2.1.3 Results
In total, 174 optometrists (response rate: 26% of NZ optometric workforce) and 29 ophthalmologists
(response rate: 26% of NZ ophthalmology workforce) submitted completed surveys, over a twoweek period beginning in May 2015.

2.1.3.1 Practitioner Demographics
A range of optometric experience was evident (Table 2.2), with the period since initial registration
ranging from six months to 47 years. Optometrist respondents practised in all regions of NZ, except
Marlborough, with most in urban areas (86%) and the remainder in independent or satellite urban
areas, as defined by the NZ Census Urban/Rural Classification System (2001, 2006).308
Approximately two-thirds of optometrist respondents worked in group practices, with 68% in
independent optometry, 21% in corporate practice, 6% as locums and the remainder in academia,
hospital or other settings. The majority (71%) were qualified to prescribe scheduled ocular
therapeutic medicines.

Similarly, ophthalmologist respondents reported varying degrees of clinical experience (Table 2.2),
but overall had significantly greater years of clinical experience relative to optometrist counterparts
(p = 0.028). Most ophthalmologists (96%) indicated practicing in major urban areas and the
remainder in independent urban communities. The majority (86%) worked in group practices, and
on average the respondents devoted 65% of their time to independent practice, 32% to hospital,
and 3% to academic practice. Ophthalmic field subspecialisation was specified by 76% of
respondents, with the remainder reporting practice as a general ophthalmologist; 34% of
respondents considered themselves subspecialists in cornea and external eye diseases, 17% in
oculoplastics, and 28% in refractive surgery.

Table 2.2

Years of clinical experience reported by DED practices survey respondents.

Years of Clinical Experience

≤ 10

11-20

21-30

31+

Optometrists (% of respondents)

34

23

22

21

Ophthalmologists (% of respondents)

3

45

24

28

30
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2.1.3.2 Patient Demographics
Table 2.3 summarises the percentage estimates, for both professions, of patients presenting with
aqueous deficient dry eye (ADDE), anterior blepharitis and meibomian gland dysfunction (MGD).
MGD was deemed the most frequent dry eye subtype, while ADDE was considered least common.
Overlap in estimation was allowed, to account for patients diagnosed with multiple dry eye
subtypes.

Table 2.3

Estimated percentage of patients diagnosed with aqueous deficient dry eye
(ADDE), anterior blepharitis and meibomian gland dysfunction (MGD) by
respondent optometrists and ophthalmologists.
ADDE

Anterior Blepharitis

MGD

Profession

Optom

Ophth

Optom

Ophth

Optom

Ophth

Median (%)

10

5

15

10

35

28

(interquartile range)

(5-20)

(2-14)

(10-30)

(5-30)

(20-60)

(10-44)

Abbreviations: Ophth, ophthalmologist; Optom, optometrist.

2.1.3.3 Practitioner Clinical Expertise and Knowledge in DED
Self-declared interest in DED was indicated by 67% of optometrists and 59% of ophthalmologists.
Most respondents (83% optometrists and 83% ophthalmologists) correctly listed techniques that
could be used clinically to assess tear volume and stability. For tear volume, the procedures
considered appropriate were Schirmer test (47% optometrists and 77% ophthalmologists), tear
meniscus height (37% optometrists and 4% ophthalmologists) and phenol red thread test (16%
optometrists and 19% ophthalmologists). For tear stability, accepted techniques were tear breakup time (TBUT) (89% optometrists and 92% ophthalmologists), the Tearscope™ (Keeler, UK) (4%
optometrists and 4% ophthalmologists), quality of Placido-disc corneal topography mires (3%
optometrists), interferometry (3% optometrists) and Keratograph (Oculus, Germany) (1%
optometrists and 4% ophthalmologists). A self-declared interest in DED was not found to correlate
with tear film knowledge, tear film assessment frequency or years of clinical experience (p > 0.05
for all comparisons).
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2.1.3.4 DED Diagnosis
Table 2.4 summarises the clinical procedures that practitioners ranked from first to third most
important for diagnosing DED. Overall, responses from optometrists and ophthalmologists were
similar; both professions considered patient symptoms to be highly valuable. However, more
optometrists (28%) rated meibomian gland (MG) evaluation as second most important than did
ophthalmologists (7%), and more ophthalmologists (31%) ranked clinical impression of corneal
fluorescein staining as second most important compared to optometrists (13%).

Table 2.4

Percentage frequency with which optometrists and ophthalmologists rank specific
dry eye diagnostic procedures as one of the top three most important tests. Only
procedures with a response rate ≥ five percent are shown.
Ranking
First

Second

Third

Diagnostic Procedure
Optom

Ophth

Optom

Ophth

Optom

Ophth

Patient symptoms

37

28

11

3

14

14

Corneal fluorescein staining

18

21

13

31

10

10

Meibomian gland evaluation

14

7

28

7

26

24

TBUT with fluorescein

12

7

20

21

21

7

Corneal fluorescein staining

11

3

10

3

6

0

1

3

6

7

9

17

(clinical impression)

(standardised grading)
Tear meniscus height

Abbreviations: Ophth, ophthalmologist; Optom, optometrist; TBUT, tear breakup time.

The quantity of clinical tests practitioners reported using for routine DED diagnosis is presented in
Figure 2.1. Most practitioners (79% of optometrists and 69% ophthalmologists) selected six or more
techniques within any single DED assessment; the minimum number of procedures nominated by
any practitioner was two. There was no statistically significant difference in the number of tests
performed between the professions (p = 0.47). A positive correlation was found between the use
of more diagnostic techniques and a self-reported clinical interest in DED for ophthalmologists
(r = 0.47, p = 0.010).
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Number of clinical procedures used for dry eye diagnosis
Figure 2.1

Range in number of clinical tests routinely used by optometrists and
ophthalmologists for diagnosing DED.

Figure 2.2 highlights the variety of procedures practitioners indicated using routinely for DED
diagnosis. Almost all practitioners selected patient symptoms, MG evaluation and fluoresceinassisted TBUT. However standardised symptom assessment was not consistently employed, with
less than 5% of optometrists and only 7% of ophthalmologists using validated dry eye
questionnaires (DEQs). In addition, over 70% of practitioners evaluated corneal fluorescein staining
based on clinical impression but 40% of optometrists and only 7% of ophthalmologists specified
using a standardised grading scale. Optometrists reported assessing lid parallel conjunctival folds
(LIPCOF) more frequently than did ophthalmologists, while the converse was evident for the
Schirmer II test with anaesthesia. Tear meniscus height (TMH) was the most frequently selected
method for assessing tear volume. Optometrists with a self-declared interest in DED were more
likely to use the phenol red thread test (15% versus 5%, p = 0.047) and the McMonnies DEQ
(6% versus 0%, p = 0.048) than those without a specific interest.
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Figure 2.2

Percentage of respondents indicating use of specific diagnostic tests in their
routine clinical assessment for DED. Asterisks denote statistically significant
differences between responses from optometrist and ophthalmologist survey
respondents. Abbreviations: Clin impress, clinical impression; Conj, conjunctival;
DEQ, dry eye questionnaire; Fl, sodium fluorescein; LG, Lissamine green; MG,
meibomian gland; NaFl, sodium fluorescein; OSDI, ocular surface disease; TBUT,
tear breakup time; TMH, tear meniscus height.
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Perceived value of DED diagnostic techniques was consistent with the procedures most commonly
performed (Figure 2.3). Both groups of clinicians deemed patient symptoms, MG evaluation,
corneal and conjunctival fluorescein staining, and fluorescein assisted TBUT as the most valuable.
The least useful procedures, as rated by optometrists, were tear film pH, Schirmer II test, nonvalidated DEQs and tear osmolarity. Ophthalmologists showed similar preferences except for the
Schirmer II test, which was rated much more positively compared to optometrists (p < 0.0010).
Respondents from both groups typically assessed dry eye severity according to “clinical
impression” (46% optometrists and 53% ophthalmologists), while others reported reliance on
corneal fluorescein staining (23% optometrists and 18% ophthalmologists) and symptom
assessment (18% optometrists and 24% ophthalmologists) in judging severity.
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Diagnostic tests ranked according to perceived clinical utility by survey
respondents (A: optometrists; B: ophthalmologists) according to the following
scale: 1 = never useful or not applicable, 3 = rarely useful, 5 = sometimes useful,
7 = mostly useful, 10 = always useful.
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2.1.3.5 Dry Eye Management

The self-reported management strategies used by practitioners for mild, moderate and severe DED

are summarised in Figure 2.4.
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Figure 2.4

Comparison of dry eye treatment recommendations for A: mild; B: moderate; and
C: severe DED, by optometrists and ophthalmologists. Asterisks indicate
statistically significant differences between optometrists and ophthalmologists.
Abbreviations: NP, non-preserved; NSAIDs, non-steroidal anti-inflammatory drugs;
P, preserved.

For mild DED, the most frequently recommended treatments were non-preserved lubricant eye
drops (74% optometrists and 72% ophthalmologists), preserved lubricant eye drops (62%
optometrists and 69% ophthalmologists) and eyelid hygiene (74% optometrists and 62%
ophthalmologists). No treatment for mild disease was recommended by 12% of optometrists and
7% of ophthalmologists. Ophthalmologists with a self-declared interest in DED more frequently
recommended non-preserved lubricant drops than those without (88% versus 50%, p = 0.038).

For moderate DED, there was a reduction in the recommendation for preserved lubricant
formulations reported by both professions. Optometrist recommendations shifted towards nonpreserved lubricant drops (p = 0.0047) and gels (p < 0.0010), rather than preserved products.
Relative to mild disease, there was increased recommendation of topical ointments (p < 0.0010),
topical corticosteroids (p < 0.0010), topical NSAIDs (p = 0.0147), oral tetracyclines (p < 0.0010),
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omega-3 essential fatty acid (EFA) supplementation (p < 0.0010), punctal plugs (p < 0.0010), eyelid
hygiene (p < 0.0010) and “other” management strategies (e.g. referral, p = 0.0083).
Ophthalmologist responses showed more frequent recommendation of non-preserved gels
(p = 0.0070), topical ointments (p < 0.0010), topical corticosteroids (p < 0.0010), and systemic
tetracyclines (p = 0.0096) for moderate DED. Overall, the most common treatments for moderate
dry eye were eyelid hygiene (90% optometrists and 76% ophthalmologists), increased dietary
omega-3 EFA intake (70% optometrists and 48% ophthalmologists), non-preserved lubricant drops
(86% optometrists and 86% ophthalmologists) and gels (71% optometrists and 45%
ophthalmologists). Recommendation of topical corticosteroid use was more common in
optometrists with a self-declared interest in DED, than in those without (16% versus 2%,
p = 0.0020), as it was for systemic tetracycline use (16% versus 3%, p = 0.011).

For severe DED, mainstay treatments such as eyelid hygiene, non-preserved lubricant drops, and
gels were maintained, which is consistent with the staged treatment algorithm recommended by
TFOS DEWS and DEWS II. Relative to mild-moderate disease, there was also a further decrease
in the frequency of recommending preserved lubricant drops and gels. Compared with the reported
management of moderate dry eye, more practitioners from both professions recommended nonpreserved gels, topical ointment, cyclosporine-A, topical corticosteroids, systemic tetracyclines,
punctal plugs and autologous serum for severe dry eye. Optometrists with a self-declared interest
in DED indicated using fewer preserved gels (12% versus 22%, p = 0.016), more topical
corticosteroids (46% versus 27%, p = 0.016) and more systemic tetracyclines (39% versus 20%,
p = 0.012) than those who did not perceive themselves to be specialists. Ophthalmologists with a
self-declared dry eye interest routinely prescribed more topical corticosteroids (88% versus 42%,
p = 0.014), cyclosporine-A (59% versus 8%, p = 0.0080), systemic azithromycin (47% versus 8%,
p = 0.043) and autologous serum (59% versus 8%, p = 0.0080) than their non-specialist colleagues.
The management protocols reported by ophthalmologists tended to be more focussed upon
prescription therapeutics than those reported by optometrists. This was particularly notable in
moderate and severe DED, where topical corticosteroids, systemic tetracyclines and systemic
azithromycin were prescribed with significantly higher frequency (p < 0.05 in all cases).

Patient review practices varied according to disease severity. For mild DED, most respondents
indicated that they would undertake a review consultation only upon patient request (55%
optometrists and 76% ophthalmologists). For moderate DED, 56% of optometrists would review
within four weeks, while about one-third of ophthalmologists would still review only upon patient
request. Pre-arranged follow-up became more frequent with severe DED, with 57% of optometrist
respondents indicating that they would review after one or two weeks and 46% of ophthalmologists
after three to four weeks of the initial consultation.

Both professions were asked to rate the perceived success of their dry eye management on a scale
from one to ten, for mild, moderate and severe DED. Of the surveyed ophthalmologists, the majority
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(65%) considered their management of mild DED as at least “mostly successful” (score of 7 or
above); this proportion reduced to 58% and 48%, respectively, for moderate and severe DED. Most
optometrists scored their treatment as at least “mostly successful” for mild (58%) and moderate
(52%) DED. However, for severe disease about half of optometrists rated their management as
only “sometimes successful” or worse (i.e. a score of 5 or below).

Theoretical patient scenarios, which were used to assess optometric criteria for tertiary referral
(Figure 2.5), indicated that the most commonly referred cases were when surgical intervention
might be required, when the dry eye was unresponsive to treatment, or for the prescription of
systemic medication. Thirty percent of therapeutic pharmaceutical agent (TPA) accredited
optometrists indicated they would never refer for the prescription of a topical medication for dry eye
management, while 52% of non-TPA respondents indicated they would always institute tertiary
referral.
Likelihood of referral rating

> Mild severity dry eye

1-3
Prescription of topical meds

4-6

Patient scenario

Punctal occlusion
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Dry eye in a child
Presence of systemic disease
Prescription of systemic meds
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Figure 2.5

Rates of tertiary referral from optometrist survey respondents for each of the listed
patient scenarios according to the following scale: 1 = never refer, 3 = rarely refer,
5 = sometimes refer, 7 = mostly refer, 10 = always refer.

2.1.3.6 Sources of Educational Information and Evidence
Figure 2.6 shows the sources of information selected by practitioners as influential in guiding their
current dry eye management approaches. Continuing education conferences were the major
information source used by both optometrists (62%) and ophthalmologists (86%). Peer-reviewed
journal articles were more often a chosen source of further education for ophthalmologists (50%)
than for optometrists (25%).
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Figure 2.6

Relative preference of the various information sources used to guide DED
management for the optometrists and ophthalmologists surveyed. Only sources of
information with a response rate ≥ 5% are displayed.

2.1.4 Discussion
This is the first study to analyse the self-reported clinical practice behaviours of NZ eye care
professionals, with respect to the diagnosis, quantification and management of DED. The survey
achieved a favourable response rate (26%) from both professions. However, the potential of
selection bias cannot be discounted, whereby survey responders may be more likely to have been
those with a stronger interest in anterior ocular disease and continuing education. Overall,
respondents demonstrated strong knowledge of tear film evaluation, with 83% of both optometrists
and ophthalmologists correctly listing techniques for evaluating tear volume and stability. This level
of knowledge is similar to that reported in a recent survey of optometrists in Australia and the United
Kingdom,309 and likely reflects the increasing level of interest in DED further to the publication of
the Tear Film Ocular Surface Society (TFOS) clinical guidance documents, developed as part of
the International Dry Eye Workshop (DEWS),30, 224 International Workshop on MGD,66 International
Workshop on Contact Lens Discomfort,310 and most recently (post-survey completion) TFOS
DEWS II.25, 26
Reflecting on the complexity of diagnosis,30 multiple clinical subjective and objective tests were
typically employed by clinicians. Respondents with a self-declared DED interest from both
professions reported performing a greater number of diagnostic procedures on each patient and
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comparatively modern techniques. For example, LIPCOF, which has been reported to be a valuable
screening tool for DED,51 was performed by 41% of ophthalmologists with a declared DED interest
compared with only 8% that indicated no such interest. Notably, a self-declared interest in DED did
not correlate with tear film knowledge, tear film assessment frequency or years of clinical
experience (p > 0.05 for all comparisons). Patient symptom assessment was described as the major
diagnostic approach by both professions (Table 2.4), which is consistent with previous studies,5759, 62, 304, 309

however few respondents reported using a validated dry eye questionnaire (DEQ) to

score symptoms. Possible explanations for this include a concern that DEQs are time-consuming
to perform in routine practice, naivety of their advantages over traditional history-taking, or poor
awareness of their availability. According to the TFOS DEWS and DEWS II Diagnostic Methodology
Subcommittees, practitioners are recommended to adopt at least one validated DEQ for routine
DED screening.25, 30 Validated scales, such as the Oxford scheme,224, 311 are of value for maintaining
consistency in recording clinical findings, both longitudinally and between clinicians. 312 However,
most practitioners in both professions relied on their “clinical impression” with regard to assessing
severity of ocular surface staining, rather than scoring against a standardised grading system.

Objective diagnostic techniques favoured by both professions were fluorescein-assisted TBUT and
MG evaluation (Table 2.4). Whilst easily and commonly performed, fluorescein instillation is known
to disrupt the tear film.313, 314 Consequently, non-contact procedures to examine tear performance
in a natural state are considered preferable.315, 316 Ensuring direct comparability with the previous
work of Downie et al.62 precluded inclusion of diagnostic options such as non-invasive TBUT
(NIBUT) and lid wiper epitheliopathy (LWE) in the current questionnaire. This decision was made
in order to study the parallels and divergences in dry eye clinical practices between Australian and
New Zealand optometrists. Nevertheless, respondents had the opportunity to state such methods
in the “Other” answer box, which only a few optometrists (NIBUT: 2%; LWE: 2%; corneal
topography mire quality: 2%) and no ophthalmologists indicated in their response. Therefore, our
findings suggest there is the potential to educate practitioners about the relative merit of such
methods. This is particularly important considering the strong arguments made by TFOS DEWS II
for implementing diagnostic techniques with minimal tear film impact, and retiring traditional
measures of tear quality that are considered invasive.25 Increased emphasis on MG assessment
contrasts with findings from previous studies.57-59, 306 This change in practice behaviour may be due
to the relatively recent availability of lipid-based artificial tears and/or increased awareness of the
outcomes from the TFOS International Workshop on MGD publication, which recommends
assessment of MG function in all patients with a low TBUT.184

Our results also reveal that, at least at the time of the survey, few NZ eye care practitioners had
adopted technology for assessing tear osmolarity. The TearLab osmometer (TearLab, San Diego,
USA) method of assessing osmolarity claims to achieve 73% sensitivity and 92% specificity when
a cut-off of 312 mOsms/l is applied.43 As such, tear osmolarity is currently deemed to be the single
best objective measure for DED and can also assist with stratifying patients on the basis of disease
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severity.317 However, approximately half of surveyed practitioners reported that they grade dry eye
severity using “clinical intuition”. This subjective assessment creates the potential for clinical bias
and may confound detection of disease improvement when an individual patient’s care is shared
amongst clinicians. The poor uptake of osmolarity assessment may be a consequence of
equipment and consumables cost, and/or ignorance of its clinical value as an objective diagnostic
technique. Perception of difficulty in correctly obtaining measurements, as well as a limited
understanding of DED indicators such as variability of osmolarity outcomes between eyes and
between measurements, may have further hindered its uptake.25, 318 Recognised limitations of the
TearLab system, that current technology is unable to address, relate to its assessment of the lower
tear meniscus rather than the preocular tear film. This means any localised tear tonicity spikes are
measured after mixing of the hyperosmolar tears with tear fluid of normal osmolarity during
blinking,319 and may not accurately represent the full extent of transient spatial and temporal
changes that occur over the exposed ocular surface during the interblink interval. 320 Nevertheless,
the TFOS DEWS II Diagnostic Methodology subcommittee made a firm recommendation for
employing a battery of tests and providing evidence-based cut-off values for the purpose of
promoting consistency amongst clinicians in making a DED diagnosis. 25

One notable difference in diagnostic preference between the professions was the more frequent
use of the Schirmer test with anaesthesia by ophthalmologists relative to optometrists (34%
versus 1%, p < 0.0010). Limitations in the validity of the Schirmer test are well recognised,321
although it remains relevant as a provocative technique in confirming severe lacrimal gland
insufficiency. The association of severe ADDE with systemic autoimmune diseases such as
Sjögren’s syndrome, which can require complex medical management might, at least in part,
explain the increased tendency for the continued use of the Schirmer test by ophthalmologist
respondents.

In relation to management approaches for mild DED, artificial lubricants and eyelid hygiene were
the most frequently prescribed therapies by both professions. Differentiating the ocular
consequences of aqueous deficiency from MGD can be challenging in patients with symptomatic
dry eye, and often simultaneous treatment of both DED subtypes is required.221 Although eyelid
hygiene is considered a potentially effective therapy, 196 it is believed that delivery of clear
instructions from the clinician and ideally a follow-up examination to ensure patient compliance
should be recommended.322,

323

However, over half of all optometrists and three-quarters of

ophthalmologists indicated that they would review a patient with mild DED only upon patient
request. This may be due to DED, except in severe expression of the condition, being considered
non-sight threatening and patient follow-ups being driven predominantly by symptomology. It might
also be influenced by practitioners in both disciplines perceiving favourable management success
when treating mild stages of the disease. For moderate and severe DED, non-preserved artificial
lubricant preparations were increasingly recommended by respondents from both professions.
These findings suggest that practitioners recognise the relative importance of prescribing non-
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preserved ocular formulations for patients with more advanced disease because chronic exposure
to preservatives may induce toxicity and adverse changes to the ocular surface.224, 324-326

The prescribing of topical corticosteroids also increased for moderate to severe cases, likely
signifying practitioner recognition of inflammation as a key feature of dry eye pathogenesis.307
There is evidence to support the short-term “pulsed” application of topical corticosteroids for
managing surface inflammation in DED.144,

221, 224, 327

The mechanism of action for the drug is

presumed to be suppression of the molecular stress response to ocular surface desiccation, thus
breaking the self-perpetuating DED inflammatory cycle.328, 329 However long-term administration of
corticosteroid eye drops is not without risk of complications, such as intraocular pressure elevation,
cataract formation and risk of ocular infection.244 Therefore, corticosteroid-use is generally limited
to controlling acute inflammatory exacerbations,245 and may not be the ideal management strategy
in dry eye cases where inflammation is often not causative (such as in non-inflamed obstructive
MGD), but represents a downstream effect secondary to entering into the Vicious Circle of DED.23,
44

Results from the survey supports increasing awareness about the pathophysiology of dry eye

disease to encourage judicious use of topical corticosteroids. While corticosteroids provide effective
temporary relief in an acute immune flare-up,330 identifying the most likely disease aetiology
remains critical to ensure therapy is targeted at the source of the dysfunction. Immunomodulators
can provide a more suitable alternative to corticosteroids where an underlying inflammatory cause
for the DED is established, and longer-term anti-inflammatory therapy is warranted.

At the time of this survey, 63% of currently practicing optometrists held a registration that was
endorsed by the Optometrist and Dispensing Opticians Board to prescribe scheduled ocular
medicines, including topical corticosteroids and non-steroidal anti-inflammatory agents, oral
doxycycline and azithromycin.331 The percentage of TPA-accredited optometrists in the sampled
population (71%) exceeded the national rate, yet less than 40% of surveyed optometrists indicated
that they would prescribe a topical corticosteroid for managing severe DED. In this respect, the
practice behaviours of NZ optometrists appear to be more conservative than their Australian
counterparts, where data indicate that more than 60% of optometrists would independently
prescribe this ocular medication for DED.62 A potential explanation for this apparent difference in
practice behaviours might relate to the survey sampling method and differences in ocular
therapeutics education. Downie et al.62 (2013) specifically surveyed optometrists who were
members of the Cornea and Contact Lens Society of Australia, while the present study cast a wider
net through the NZ Association of Optometrists which represents 92% of the profession. The latter
method likely captured a greater diversity of respondents.

Reflecting their more established and broader scope of practice, ophthalmologists indicated
prescribing topical corticosteroids, systemic tetracycline-derivatives and azithromycin more
frequently than optometrists, particularly for severe DED. Studies have shown that systemic
azithromycin and low dose tetracycline antibiotics provide anti-inflammatory effects that can
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attenuate the signs and symptoms of MGD-related DED.221, 252, 253 Predisposition to prescribing oral
antibiotics and corticosteroid eye drops may also be influenced by eye doctors’ patient practice
profile, which would consist of tertiary referrals from optometrists for recalcitrant DED cases.
Additionally, ophthalmologist respondents’ greater years of “eye-specific” clinical and ocular
therapeutic experience (Table 2.2) may have lowered their concern about prescribing systemic
drugs in comparison to optometrists who, in 2015, were relatively new to oral prescribing. However,
it should be noted that while one-third of the optometrist respondents had been registered for less
than ten years, this group would have qualified with ocular therapeutics as an integral component
of their undergraduate degree. Since oral prescribing rights for optometrists had only recently (July
2014) come into force, it might be expected that a subsequent study would reflect increasing
confidence in prescribing oral medicines.

The management of DED with EFAs is aimed at addressing the inflammatory component of disease
pathogenesis.261, 330 The survey demonstrates that recommendation for increasing omega-3 EFA
intake was positively correlated with disease severity, with almost four out of five practitioners
indicating they would recommend this treatment for severe DED. Several studies have observed
that omega-3 EFA supplementation can provide cardiovascular benefits in high risk patients,332, 333
and may be a modulator of the inflammatory process in rheumatoid arthritis.334,

335

However,

whether omega-3 EFA is preventative against disease development in general population, or can
be used as a therapeutic intervention remains debatable.334, 336, 337 In relation to treating DED,
several epidemiological studies and randomised controlled trials have reported promising
findings.259, 261, 263, 264, 338 While the underlying mechanism(s) to their potential ocular benefits remain
unclear, increasing omega-3 EFA intake has been recommended as first-line therapy, even for mild
DED, by the International Workshop on MGD.66, 221 There is still potential to improve practitioners’
understanding of the evidence base given additional research is needed to clarify factors such as
treatment duration, optimum dosage, and/or possible benefits of adjunct omega-6 EFA intake.256
Recently, the Dry Eye Assessment and Management (DREAM) study published results which
suggest the effects of high-dose fish oil supplementation (2000 mg/day eicosapentaenoic acid +
1000 mg/day docosahexaenoic acid) were no better than placebo when assessed in individuals
with moderate to severe symptomatic DED.339 This contradictory outcome may relate to differences
in participant eligibility and/or exclusion criteria, dosage and duration of treatment, the choice of
control, participant dietary variability, potential concomitant use of adjunct anti-inflammatory
interventions, and/or unregulated changes to existing therapies over the course of the trial. The
DREAM study also did not implement tear osmolarity as an eligibility criterion when tear
hyperosmolarity is currently regarded as the best objective indicator of subclinical ocular surface
inflammation.23,

320

Thus, more research is required to reconcile the differences between the

DREAM study outcomes with those previously reported in the literature, and with anecdotal reports
of clinical benefit.
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Both professions regarded continuing education conferences as the main source of information
used to guide their management approach. One-quarter of optometrists considered peer-reviewed
journal articles as one of their top two influences, compared with nearly half of sampled
ophthalmologists. This tendency of NZ optometrists to prefer conference education over primary
information sources has been described in other areas of optometric practice,340, 341 and may reflect
limited journal access without significant subscription costs for the majority of optometrists in private
practice, as well as the perceived value of peer-connection/networking through conference
attendance. To ensure optimum clinical practice standards are maintained, it is essential for the
content of continuing education to be consistent with the best available research. A framework for
achieving international consistency in the evidence-based education of clinicians for DED practice
has recently been proposed.309 As implied by our findings, this model advocates for interactive
workshops, which review the fundamental skills that are critical for implementing evidence-based
DED care. The dissemination TFOS DEWS II follows this strategy, the publication is being heavily
promoted through conference presentations to highlight the key clinical implications and ways to
adopt them into practice through formats such as “live” diagnosis lectures. Moreover, the Public
Awareness and Education Subcommittee was created to help make recommendations for
communicating the conclusions and recommendations of all other Subcommittees to the lay
person.56

The present study demonstrates that NZ eye care professionals possess an increasing awareness
of dry eye disease and the importance of tear film assessment. This finding likely mirrors significant,
recent international research efforts that have sought to improve the clinical diagnosis and
management of DED, with the intention of improving patient outcomes. It is reassuring that in line
with consensus recommendations of expert panels, eye care practitioners employ both subjective
(patient-reported outcomes) and objective diagnostic tests; and identify the need to diversify their
treatment options according to disease stratification by subtype and by severity. A lack of uniformity
in the use of specific diagnostic techniques and clinical care procedures between the professions
was evident from the study, and this is an area where improvement is warranted so that all clinicians
are providing optimal evidence-based care and a consistent message to patients. The need for
global consensus in relation to dry eye diagnosis and management has been discussed in the most
recent publication of evidence-based, contemporary clinical guidance documents for DED (TFOS
DEWS II).25, 26 Implementation of the DEWS II outcomes by eye care clinicians, to ensure the
appropriate translation of research evidence into practice, will be integral to achieving further gains
in the provision of clinical care to dry eye sufferers. Conclusions from TFOS DEWS II Management
and Therapy report expanded upon the concept that “diagnosis precedes therapy”, and the
subcommittee have put a flag in the sand in terms of specifying definitive diagnostic criteria for DED
diagnosis and its subtypes so that clinicians can identify the degree to which EDE, ADDE and/or
other ocular surface conditions contribute to a patient's presentation.342 Although determining the
major causative factors behind the DED is critical to effective management, more research is still
needed to elucidate appropriate therapeutic recommendations according to patient’s baseline
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characteristics. It is due to this current lack of scientific evidence that the Management and Therapy
subcommittee was unable to reach a consensus in recommending specific treatment strategies
according to dry eye subtype and severity.289 TFOS DEWS II recommends that future research
focuses on conducting well controlled and appropriately masked clinical trials to determine the most
suitable range over which different therapeutic products might be most effective.289
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CHAPTER 3. INTENSE PULSED LIGHT
3.1

Background

Intense pulsed light (IPL) technology was first introduced to the field of dermatology over two
decades ago.343 Since then, millions of procedures have taken place, mainly for aesthetic purposes
and often with positive outcomes.273 The IPL system was conceived in 1992, by Goldman and
Eckhouse, as an alternative to the available laser sources of the time for the treatment of vascular
malformations.298 By 1995, the Food and Drug Administration in North America had approved the
commercial use of first generation IPL devices as an acceptable tool for improving the appearance
of various skin disorders, ranging from vascular and pigmented lesions, to acne and facial rosacea,
as well as addressing common cosmetic concerns such as skin rejuvenation and removal of
unwanted hair.273, 344, 345 Notable reasons for IPL’s increasing popularity over laser include lower
purchase price, perceived operational ease and the myriad of electromagnetic output parameters
available. Its versatile photo-dermatological applications have proved to be advantageous in
comparison to traditional laser therapies.346

3.1.1 Technological Aspects of IPL
Unlike monochromatic lasers, IPL systems are high intensity polychromatic light sources which can
deliver pulses of varying duration. Light pulses are generated by passing electrical currents stored
in the computer-controlled capacitor bank through a xenon gas-filled chamber.273 Essentially, the
device converts electrical energy into intense pulses of light, which are then released onto the
patient’s skin via a quartz block attached to the handpiece. The xenon flashlamps emit noncoherent
and noncollimated light, with a spectral range between 370 and 1800 nm. 346 However, bandpass
filters are used to block out harmful ultraviolet radiation so that the true output lies within 500 to
1200 nm.347 Most modern IPL devices can be modified to produce individual light pulses of specific
duration, intensity and wavelength range. This allows for controlled and confined energy delivery
into the epidermal and/or dermal tissue, thereby giving IPL the reputation of being “jack of all
trades”. In the present study, a third generation E>Eye IPL system (E-Swin, Paris, France) was
used (Figure 3.1). The E>Eye is registered as a medical device under the Therapeutic Goods
Administration in Australia and Medsafe Web Assisted Notification of Devices database in NZ.275
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E>Eye Intense Regulated Pulsed Light (IRPL) system (E-Swin, Paris, France)
comprising the IRPL pulse delivery unit, protective patient goggles (metal) and
tinted clinician eye shields (for wear during IPL application), and clear optical
coupling gel.

3.1.2 Selective Photothermolysis
The mechanism of action of IPL therapy in dermatology is based on the principle of selective
photothermolysis. This theory was first described by Anderson and Parrish in 1983,299 and
stipulates that endogenous chromophores within the skin (haemoglobin, melanin and water)
selectively absorb photonic energy from IPL’s broad spectrum radiation, resulting in the release of
thermal energy. However, the heat mediated damage is highly localised and not widespread
because the three main chromophores have varying absorption maximums. It is therefore possible
to select appropriate wavelengths to deliberately heat (>80ºC) and destroy epidermal and/or dermal
tissue targets while neighbouring cellular structures are spared. For example, 580 nm wavelengths
are primarily absorbed by haemoglobin, while melanin absorbs energy within the 400 to 750 nm
spectral range.273 The simultaneous emission of green, yellow, red and infrared wavelengths from
an IPL device allows various chromophores to be targeted at the same time. Pulse duration typically
ranges from 0.5 to 88.5 ms.273 In order to prevent collateral damage caused by non-selective heat
diffusion into neighbouring tissue, the IPL flash duration should be lower than the thermal relaxation
time (TRT) of the target structure.348 The TRT is defined as the time taken for the central
temperature of the target tissue to decrease by 50 percent.348-350 In addition, the optimum temporal
pulse profile (i.e. the energy delivery over time) should be as square as possible.351 This beam
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characteristic is favoured over sigmoidal-shaped pulses because the square profile ensures energy
is delivered in a uniform manner throughout the output duration (Figure 3.2).352 Emission profiles
can also take the form of a single pulse, or be divided into multiple sub-pulses with micro intervals
in between (1 to 300 ms).273 These minute intervals allow the epidermal cells and smaller blood
vessels to cool down between sub-pulses, while selective heat retention effects thermal damage to
the larger target vessels/hair follicles.348

Figure 3.2

Typical discharge profile of “sigmoidal” and “square” shaped pulses.

The electromagnetic spectrum of the IPL can also influence its penetration depth. Longer visible
wavelengths will penetrate deeper into the skin. 273, 299 Therefore based on the location of the target
skin chromophores, it is possible to selectively ablate structures at different depths and size by
utilising bandpass filters to deliver only the optimal corresponding wavelength spectrum onto the
skin surface.298 In addition to localising the target structure, the radiant energy (fluence) and
spectral parameters of the IPL must be tailored to the individual’s skin type and intended treatment
site. For example, patients with deeper skin tones require less fluence, but higher bandpass filters.
Otherwise excessive epidermal melanin absorption may result in adverse reactions to the intense
thermal energy, such as prolonged erythema, blistering and crusting. Furthermore, derma present
in different areas of the body vary from region to region, and can affect the success of IPL
therapy.347 Factors which influence the skin’s susceptibility to treatment include thickness,
temperature, blood perfusion, sebaceous gland density, presence of hair follicles and naevi.353
Hence it is also necessary to make region-specific adjustments to the IPL spectral output. With the
appropriate combination of spectrum output, fluence, pulse durations and intervals, intense pulsed
light can successfully treat a range of dermatological conditions as described in Section 3.1.275, 295,
296, 298, 344, 354, 355

The third-generation E>Eye IPL system utilised in this study was designed and had

received regulatory approval specifically for periocular application.
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Practical Aspects of IPL Therapy

3.2.1 Administering Treatment
IPL technology has been considered a mainstream treatment option in the beauty industry for over
20 years. But within the last decade, IPL has been gaining popularity in the medical profession.
The existing evidence base supports IPL as an effective photo-epilation treatment for
hypertrichosis, and dermatological concerns such as benign venous malformations, benign
cavernous haemangiomas, telangiectasia, port-wine stains and melasma.273, 343 Success may be
attributed to the enhanced precision of selective photothermolysis in third and fourth-generation
IPL systems, which has led to fewer adverse reactions under proper operation. Safety
improvements include filtering out ultraviolet radiation from the IPL bandwidth, integration of a
contact-cooling system to ensure comfort of the procedure, and square pulse profiles for more
consistent energy discharge during treatment.343,

347

Further refinements made to beam

characteristics and parameter setting combinations have contributed to IPL’s expanding clinical
application from the field of dermatology to that of ophthalmology.275

Preoperative assessment of individuals for systemic conditions that would react adversely to lightbased treatment is essential prior to administering IPL. The patient must complete a safety
questionnaire (Appendix C) to identify common contraindications for IPL therapy.356 Precaution
standards are based on the rationale that the risk of cutaneous pathology would increase as a result
of photosensitivity from drug/light interaction,357 topical retinoid use, recent history of skin
resurfacing procedures, or skin disorders aggravated by light exposure such as vitiligo.358 Dermal
burns can also occur as a result of excessive light to heat conversion if tattoos are present in the
treatment zone.359 Due to the lack of safety data, IPL therapy is not recommended for patients who
are pregnant or breast-feeding.360 Once the patient is confirmed to have no reason for exclusion
from IPL therapy, Fitzpatrick classification is used to determine skin phototype.361 The Fitzpatrick
questionnaire gathers information on an individual’s melanin intensity and response to ultraviolet
radiation of the skin (Appendix D), allowing the photophysical parameters of the IPL system to be
adjusted on an individual basis, to prevent risk of epidermal damage. In the case of periocular
application, the upper cheek area needs to be free of make-up, while facial hair and pigmented
moles must be covered with white medical tape. Metal eye goggles are closely fitted to the patient
to protect the globe (Figure 3.3), and darkly tinted eye shields are worn by personnel present in the
therapy room, to minimise risk of harm from the intense polychromatic light discharged by the IPL
device. For even energy conduction and to cool the treatment area, clear optical coupling gel is
applied to the treatment zone on the skin surface. E-Swin recommends a gel thickness of at least
5 mm to be applied between the skin and the E>Eye handpiece.
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Figure 3.3

Typical administration of periocular IPL therapy using E>Eye system.

3.2.2 Safety Profile
Application of IPL within recommended parameters, has not been associated with photochemical
or photothermal reactions resulting in melanoma,362 and its long-term safety has raised no medical
concerns.363 The relatively good safety profile of IPL application is attributed to the use of cut-off
filters that typically block harmful ultraviolet radiation. The most frequently cited side-effect in the
literature is a transient sensation of burning or puncturing during treatment.356 Temporary
postoperative erythema and mild swelling lasting 2 to 24 hours are also considered common
sequelae, while the more serious therapy sequelae are usually the result of over-fluenced
treatment.364 Adverse reactions such as blistering and crusting require medical attention to prevent
infection, while dermal pigmentary changes (hypopigmentation and hyperpigmentation) can be
long-lasting or even irreversible.273 These adverse events are observed more commonly in
individuals with a darker skin tone, thus restricting the application of IPL treatment to patients
considered below phototype six on the Fitzpatrick scale. Many factors influence the incidence of
side-effects, therefore even among patients with the same skin phototype, treatment parameters
should not be standardised, but be judged on a case-by-case basis in line with responses provided
to the checklist of contraindicated medications and health history discussed in Section 3.2.1.

3.3

IPL for MGD

3.3.1 Background
IPL demonstrates good clinical efficacy in acne rosacea management.284, 295-297 It is thought that
IPL selectively ablates dilated skin blood vessels, and by doing so, may decrease leakage of
inflammatory mediators.282 Additionally, IPL is postulated to improve dermal elastosis through the
process of collagen remodelling.295 In 2002, Toyos et al. serendipitously noted individuals with coexisting rosacea and MGD reporting improved ocular symptoms following IPL treatment for their
acne rosacea.288 The discovery of this potential ocular application led to the development and
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commercialisation of the E>Eye intense regulated pulsed light (IRPL) device (E-Swin, Paris,
France). The E>Eye is the earliest medically certified IPL device for treating MGD in NZ, capable
of delivering multiple homogenously sculpted light pulses, with a spectral range of between 580
and 1200 nm, according to a proprietary algorithm.

In 2015, the first prospective trial of IPL for the relief of MGD conducted by Craig et al. confirmed
significant improvements to patient symptoms, lipid quality and stability of the tear film following
three treatments over a 45-day period.275 Interestingly, the double-masked pilot study observed
cumulative improvements in tear film signs and DED symptoms. This prompted the authors to
recommend further evaluation to understand IPL’s mechanism(s) of action, with the hope of
optimising the treatment regime for specific dry eye subgroups and improving prognostic accuracy.

3.3.2 Proposed Mechanisms of Action
Results from many studies, both open label and masked have demonstrated efficacy of IPL for the
treatment of MGD.275, 285, 286, 288, 293, 300 Table 3.1 provides a summary of the most current literature
available at the time of thesis submission on the effects of IPL for EDE. However, the mechanism,
or mechanisms, of action are still not fully understood. Possible hypotheses have been outlined
below, including proposed testing which would allow these theories to be explored.

3.3.2.1 Thermal
After IPL therapy, DED patients are better positioned for therapeutic meibomian gland (MG)
expression and experience less discomfort during the procedure. 288 Therefore a likely mechanism
of IPL, albeit temporary, includes a transient local thermal effect, warming the solidified meibum
inside the eyelid glands to improve expressibility. When light from the device is converted into heat
energy within the tissues, the rise in temperature softens the meibum and allows for improved
manual expression of inspissated secretions.288 Despite the actual treatment zone being located
inferior to the lower eyelid, and not directly overlying the MGs that are obscured by light-protective
goggles during treatment, an immediate rise in temperature from adjacent tissues may play some
role in the success of IPL therapy. However, it is considered unlikely to be the only contributing
factor. This view is supported by the results of the pilot study conducted by Craig et al., where the
authors noted cumulative improvements in outcome measures following repeated treatment
applications, which suggests continued beneficial effects are realised in the weeks post-treatment,
despite the rapid return to physiological eyelid temperatures during the treatment visit.275 For this
thesis, an in vitro experiment was conducted with layered slices of ham serving as a model for
eyelid tissue. Temperature changes within the layered ham slices following the application of IPL
were evaluated by infrared thermography, to help understand the temperature changes that might
occur around the MGs when IPL is applied in vivo.
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3.3.2.2 Neurobiological
Neuropeptides are small protein-like molecules produced and released by neurons. Through
chemical signalling they are able to activate innate and adaptive immune cells.94, 365 Crosstalk
between nervous and immune systems at the ocular surface serves to maintain homeostasis of the
pre-corneal tear film.23 The pleiotropic roles played by neuropeptides in the pathogenesis of DED,
has resulted in a neurogenic effect being mooted as a possible mechanism of action.

In support of the role of neurogenicity are key differences between MGs and sebaceous glands
found elsewhere in the skin, where MG function is regulated by androgens and oestrogens, as well
as by the nervous system.94 Various neuropeptides are expressed at the ocular surface; mediators
currently identified in human meibomian glands include vasoactive intestinal polypeptide (VIP),
calcitonin gene related peptide (CGRAP), and substance P (SP).94, 366 They have been shown to
play an important role in regulating neuroinflammation through the activity of blood vasculature
and/or the parasympathetic, sympathetic and sensory nerve fibres. 365 In essence, IPL pulses are
hypothesised to interact with local neural tissue to promote the release of neuromediators which
promote healthy MG function. This hypothesised mechanism of optical stimulation presents a
simple yet novel approach to in vivo neural activation, however stimulation wavelengths must be
accurately matched to the specific tissue.367

To test this theory in terms of possible structural and functional alterations, cellular changes in the
cornea and lid margin were evaluated by in vivo corneal microscopy (IVCM) and alterations in
corneal and lid margin sensitivity were assessed by non-contact aesthesiometry as part of the
clinical trial. On a molecular level, messenger RNA which codes for these neuropeptides was
quantified using a validated qPCR method.368 It was hypothesised that a greater increase observed
in the neuropeptides associated with the nerve fibres that directly interact with MGs in the treated
group, would suggest that direct stimulation is a likely active pathway. However, if neuropeptides
more closely associated with MG vasculature proved to be predominantly affected, then this would
implicate the blood supply as the more likely primary target of IPL’s neurogenic effect. Alternatively,
it was considered that both pathways might be stimulated to some extent, although one route could
be more dominant.

3.3.2.3 Anti-Demodex and Anti-microbial
Other possible mechanisms of action by which IPL might treat MGD include reduction of bacteria 369
and/or reduction of parasitic growth of Demodex mites on the eyelids.362 Demodex are
ectoparasites that inhabit the eyelash follicles and MGs. They facilitate blepharitis by attracting
common skin bacteria flora to the ocular adnexa. In facial rosacea, Demodex are recognised to
retain a commensal relationship with Bacillus oleronius, and the co-morbidity of mites and
bacterium are often found to induce inflammatory reactions.370 Prieto et al. discovered coagulated
Demodex organisms and reduced lymphocytic infiltration in patients who had undergone IPL
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therapy.362 When IPL is used to treat acne vulgaris, it is reported to exert bactericidal effects on
Proprionibacterium acnes within the host’s sebaceous follicles.371 This harmful photo-excitation of
P. acnes is caused by the generation of exogenous chromophores (porphyrins) that absorb light
between 400 to 700 nm.371 Therefore, a reasonable hypothesis may be that photocoagulation
and/or the sudden change in local tissue temperature may decrease the lid margin bacteria and
Demodex load, or at the very least tip the balance in favour of the host’s immune reaction in keeping
the eyelid microbiome under control. Preliminary ex vivo experiments were conducted to evaluate
the antibacterial and demodecidal properties of IPL to supplement the later in vivo observations
made during the randomised controlled trial.

3.3.2.4 Vascular
The beneficial effects of IPL in systemic rosacea have been extensively documented in the
literature.284, 295-297 Selective thrombosis of superficial vasculature during treatment helps to reduce
telangiectasia (abnormal blood vessels) and facial erythema. In MGD, inflammation can be
observed clinically as lid margin telangiectasia, and this feature is potentially associated with
alterations in MG structure.372 The presence of abnormal telangiectatic vessels, unable to inhibit
leakage of inflammatory mediators, allows further exacerbation and propagation of MGD in a
“vicious cycle”.23, 44, 45 Hence it is possible that ablation of the abnormal narrow blood vessels
surrounding the MGs could play a role in diminishing the local release of chemokines, cytokines
and other proinflammatory mediators.373 Furthermore, IPL is thought to aid collagen remodelling
and improve the connective tissue disorganisation that occurs with acne rosacea, hence its
reputation as a skin rejuvenation treatment.295, 296 Since MG atrophy is an end stage characteristic
of MGD, IPL may have the potential to enhance tissue repair during milder disease stages.
Therefore, infrared meibography and IVCM imaging techniques have been utilised in this study to
detect any macro and cellular alterations to the MGs following treatment.

Subtle changes in the expression of inflammatory biomarkers (MMP-9 and IL-6) and goblet cell
function (MUC5AC) can be quantified from ocular surface cells, using the same qPCR technique
for measuring neuropeptide messenger RNA levels. All steps in the laboratory protocol were
performed, as far as practicable, according to Minimum Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) guidelines to ensure robust quantitative data. Further details
about the laboratory analyses for inflammatory and neuromediator biomarkers are discussed in
Chapter 7.

57

PART II

CHAPTER 3

3.3.2.5 Low-level Light Therapy
Another proposed, but currently unverified mechanism, is low-level light therapy (LLLT).275, 374 LLLT
describes a therapeutic benefit that is proposed to arise from exposure of tissue to levels of red
and near infrared light below those needed to produce tissue heating. Since its first discovery and
medical application in the 1960’s, LLLT has evolved to modern therapeutic uses such as reducing
inflammation, oedema, chronic joint disorders, wound healing promotion, treatment of neurological
disorders and chronic pain.374 The technique remains controversial and the exact mechanisms
underlying the therapeutic claims are still not well-established.375 It is suggested that LLLT acts by
inducing a photochemical reaction in the cell, such that the radiation targets a chromophore known
as cytochrome c oxidase within the mitochondria. This is purported to cause an increase in products
such as adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NADH), protein and
RNA, however the exact manner by which LLLT affects cytochrome c oxidase has yet to be
elucidated.376 The broad spectrum of the light source of the E>Eye IPL device encompasses near
infrared wavelengths that fall within the range alleged to exert influence on the mitochondrial output
of reactive oxidative species374 that have been implicated in DED.377
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Table 3.1

Summary of prospective studies observing the effect of IPL treatment on dry eye disease.

Reference

Population (n)

Study Design

Treatment

Main Findings

Karaca et

Mild to moderate

Duration: 6-month

MGD (n = 26)

Active: 3 treatments performed
at baseline, Week 2 and Week 6

Compared to baseline, IPL significantly improved

al.,378

Control: none

Day 45. Improvements were sustained at sixth month

2018

Masking: open label
Ethnicity: Asian

Schirmer I test, TBUT, SPEED and OSDI score by

review. However, outcome measurements were
Randomised: no

captured immediately post-treatment.

No significant change in NaFl ocular surface staining
(Oxford grading), lid margin abnormality score,
meibum secretion quality and expressibility.
Zhang et

Blepharitis with

al.,379

ocular demodicosis

2018

(n = 40)

Duration: 3-month

Masking: single,
investigator masked

Active: 3 treatments, 4-week
intervals
Control: daily lid hygiene
with 5% tea tree oil

From baseline, IPL and control significantly improved
Demodex count, OSDI score, lid margin abnormalities,
conjunctival redness, TBUT, NaFl corneal staining
score, meibum expressibility and quality.

Ethnicity: Asian
Randomised: yes

Compared to control, IPL was superior in OSDI
score, TBUT, and meibum quality.

Yin et al.,279

MGD > Stage1,

2018

according to the
International

Duration: 3-month

(n = 35)

IPL and control significantly improved OSDI score,

intervals

TBUT, MG dropout, meibum expressibility and quality.

Masking: open label

Workshop on
MGD184

Active: 3 treatments, 4-week

Control: daily warm compress
Randomised: yes

and lid massage
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Ethnicity: Asian

All patients were prescribed

Only IPL significantly improved MG acinar longest

artificial tears 4x daily

diameter, MG acinar unit density, and the positive
incidence of inflammatory cells around MG structures.

Seo et al.,278

Rosacea associated

2018

moderate-severe
MGD (n = 17)

Duration: 12-month

Masking: open label

Active:

4

treatments

with

IPL therapy significantly improved OSDI score, TBUT,

subsequent MG expression, 3-

NaFl ocular surface staining score, NIKBUT, lid

week intervals

margin vascularity, meibum expressibility and quality
from baseline; however, improvements of TBUT,

Ethnicity: 100%

Randomised: no

Control: None

ocular surface staining, and NIKBUT were not

Asian
Rong et al.,276

Clinically diagnosed

2018

MGD (n = 44)

Ethnicity: Asian

maintained at 6 and 12 months.
Duration: 3-month

with

From baseline, IPL therapy significantly improved

subsequent MG expression, 4-

meibum expressibility, TBUT, SPEED score and NaFl

Masking: double

week

corneal staining score.

masked

administered directly onto the

Randomised: yes

Active:

3

treatments

intervals.

IPL

was

upper and lower eyelids under the

Compared to control eye, IPL was superior in meibum

protection of a Jaeger lid plate

expressibility and TBUT.

Control: paired-eye sham
treatment
Arita et al.,290

Clinically diagnosed

2018

refractory MGD

Duration: 8-month

Active:

8

treatments

with

subsequent MG expression, 3-

(n = 45)

Masking: open label

Ethnicity: Asian

Randomised: yes

IPL therapy significantly improved LLG from baseline,
but not in the control group.

week intervals
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Control: 8 therapeutic expression

Compared to control, IPL was superior in LLT, NIBUT,

sessions, 3-week intervals

TBUT, lid margin abnormalities, meibum quality,
SPEED score and NaFl ocular surface staining score.

All participants were instructed to
perform daily warm compress
and instil diquafosol eyedrops 6x
daily
Albietz et

Moderate-severe

al.,300 2018

MGD (n = 26)

Duration: 3-month

Masking: open label
Ethnicity: 77%
Caucasian

Randomised: no

Active:

3

treatments

with

By Week 8, IPL therapy significantly improved TBUT,

subsequent MG expression at

NaFl corneal staining score, lid margin vascularity,

baseline, Week 2 and Week 6.

conjunctival

Prednisolone sodium phosphate

expressibility compared to baseline.

redness,

meibum

quality

and

0.5% minim) eye drops were
instilled

immediately

following

expression

By Week 12, IPL therapy significantly improved OSDI
score compared to baseline.

Participants were instructed to
perform

twice

compresses
massage.
lubricant

daily

followed

warm
by

Preservative
was

permitted

lid
free
as

required in both eyes

Control: none
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Liu et al.,282

Clinically diagnosed

2017

MGD (n = 44)

Ethnicity: Asian

Duration: 3-month

Active:

3

treatments

with

subsequent MG expression, 4IPL

compared to baseline.

Masking: double-

week

masked

administered directly onto the

IL-17A and IL-6 levels in tears were significantly

upper and lower eyelids with

reduced compared to control eye at each measured

metal shields inserted beneath

time point. PGE2 showed statistically significant

the lids to protect the globe

decreases compared to placebo-control at Week 12.

Randomised: yes

intervals.

All inflammatory markers in tears declined in value

was

Control: paired-eye sham
treatment

All participants were prescribed
polyethylene glycol eye drops 3x
daily
Dell et al.,283

Clinically diagnosed

2017

DED (n = 40)

Duration: 15-week

Active:

4

treatments

with

IPL therapy significantly improved SPEED score,

subsequent MG expression, 3-

MGD grading, TBUT and NaFl corneal staining score

Masking: open label

week intervals

compared to baselines.

Caucasian

Randomised: no

Control: none

Craig et al.,275

Mild-moderate MGD

Duration: 1.5-month

Active: 3 treatments performed

Compared to baseline, IPL significantly improved

2015

(n = 28)

at baseline, Week 2 and Week 6

VAS symptom score, LLG and NIBUT by Day 45, but

Ethnicity: 90%

Masking: double
Ethnicity: unreported

not the control eye.

masked
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Randomised: yes

Control: paired-eye sham

Compared to control eye, IPL was superior in NIBUT.

treatment
Abbreviations: LLG, lipid layer grade; LLT, lipid layer thickness; MG, meibomian gland; NaFl, sodium fluorescein; OSDI, Ocular surface disease index; SPEED,
Standard Patient Evaluation of Eye Dryness; TBUT, fluorescein assisted tear break up time; NIBUT, non-invasive tear break up time; MMP, matrix
metalloproteinases; IL, interleukin; PG, prostaglandin; TTO, tea tree oil; VAS, visual analogue scale.
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Conclusion

Chapter 3 has summarised the principle of selective photothermolysis that is integral to
understanding the therapeutic effects of IPL application in dermatology. Technological
specifications of IPL systems from conception in the early 1990’s to subsequent hardware upgrades
have also been outlined. From the available knowledge base, several mechanisms of action have
been proposed to explain the positive ocular benefits of IPL in MGD management. In order to link
the effects to one or more of these hypotheses, an understanding of the light profile discharged
from the IPL device is of value. Chapter 4 describes the foundational experiments conducted in
collaboration with the Department of Physics (University of Auckland) that helped to characterise
basic aspects of the pulse profile.
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CHAPTER 4. IPL DEVICE CHARACTERISATION
The characterisation study discussed in this chapter sought to further understand crucial features
of the E>Eye spectral output that may relate to treatment efficacy and patient safety, which might
help to inform potential mechanisms of action of IPL for MGD.

4.1

Characterising the E>Eye IRPL device
Background

IPL is a novel treatment approach for evaporative dry eye (EDE) that has received considerable
attention in the last decade. Ocular benefits appear to be cumulative with ongoing treatment
applications,275, 300 and the technology has been marketed as providing longer lasting MGD relief
compared to conventional therapies. Traditional IPL functions such as hair removal rely on the
principle of selective photothermolysis,299, 355 but the relative novelty of ophthalmic applications of
IPL means published literature on the long-term effects of this light-based therapy on periocular
tissue and its underlying mechanism of action is limited. 275, 282, 294, 300 Town et al. identified several
key spectral parameters which play an important role during cutaneous phototherapy. 380
Knowledge of the optical characteristics of the IPL irradiator used in the current study is similarly
important in investigating the biological changes after MGD treatment to fully comprehend the lighttissue interaction. In addition to better understanding the current technology, exploration of the light
profile in relation to outcomes has the potential to enact or recommend refinements to the system,
so that clinical outcomes may be optimised. Definitions of the key IPL measurement parameters
and the rationale for characterisation are outlined in Table 4.1.

Table 4.1

Key parameters of the IPL light pulse.

Parameter

Definition

Spectral Output

As discussed in Chapter 3, endogenous chromophores in the skin
(melanin, haemoglobin, water) have unique absorption maxima and
are the foundation of selective photothermolysis. The distribution of
light energy across the spectrum will be measured to confirm the
presence of wavelengths predicted to have beneficial effect and to
identify wavelengths in the E>Eye spectral output that may increase
the risk of ocular and cutaneous damage. IPL systems for cosmetic
usage typically do not deliver wavelengths below 500 nm (i.e.
ultraviolet radiation) as there is currently no evidence to suggest that
wavelengths below 500nm are beneficial to dry eye management, and
possibly to mitigate risk, given that UV-induced DNA damage has
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been associated with the initiation phase of skin cancer,381 By
measuring both the magnitude and wavelength distribution, the
accuracy and effectiveness of the bandpass filter can be evaluated. It
is postulated that positive outcomes in the treatment of MGD may be
influenced by the intensity, wavelength and pulse duration of the
radiation discharged. Characterising the IPL output would potentially
contribute to uncovering the underlying mechanism(s) of action.
Fluence (J/cm2)

Fluence, or radiant exposure is the optical energy received by a
surface per unit area.382 Radiant exposure is an important output
parameter to validate since any significant deviations relates to
effectiveness and safety of treatment relative to skin phototypes. For
example, low fluence may result in poor treatment efficacy and patient
dissatisfaction. Conversely, radiant energy above stated values may
cause adverse skin reactions.

Pulse Duration

Pulse duration is the exposure time of the intense light emitted from
the flash lamp, including the individual sub-pulses in a pulse train. If
the pulse duration is prolonged, it risks over-treatment and
concomitant side-effects, while durations that are too brief may result
in a suboptimal therapeutic outcome. It is preferable to match the
pulse duration with the thermal relaxation time (TRT) of the target
tissue as described in more detail in Section 4.1.2. In this project, the
pulse duration is defined by t0.1, the time over which the pulse
amplitude is above 10% of its maximum value (Figure 4.1). This is
especially useful when it is difficult to judge precisely where the pulse
begins or ends, such as in the case of a free-discharge pulse profile.

Pulse Profile

The pulse profile describes the spatial distribution of output energy,
including sub-flashes, from the IPL device. The shape of the light
pulse can have important clinical implications in terms of different
light-tissue interactions and hence therapeutic efficacy and safety.352,
383

Ideally, the E>Eye xenon lamp should emit a constant discharge

(square pulse), rather than a free discharge which is more variable
and may translate to less clinical predictability. The favoured square
pulse would show a well-defined wave profile because the output
signal rapidly approaches the maximum with a near-infinite gradient.
The signal would then be expected to remain at maximum amplitude
for the full duration, then decline rapidly to zero. The free discharge
profile is referred to as free decay because the rising and decaying
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phases are slow and smooth, with a plateau phase that lasts only
momentarily.380

Figure 4.1

Graphical illustration of the t0.1 pulse duration, defined as the period over which the
pulse voltage is above 10% of its maximum amplitude.

Key parameters of E>Eye IPL device (E-Swin, Paris, France) are reported to have been selected
with the aim of optimising therapeutic efficacy while maintaining patient wellbeing. 384 Validating
these characteristics was perceived to be important because even minor deviations from the
claimed levels might impact on results and safety. No such objective evidence with regard to pulse
profiles and spectrum characteristics, is accessible to users of the device, hence, experiments were
proposed and performed to characterise several important optical parameters of the E>Eye IPL
system (Figure 4.2) for the purpose of this thesis.
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Figure 4.2

E>Eye IRPL system.

Thermal Relaxation Time
Thermal relaxation time (TRT) describes the rate of cooling of the target tissue after application
of incident radiation and is dependent on the size of the target chromophore. More specifically, it
is defined as the time taken for the structure to dissipate 50% of the thermal energy received,385
which generally is longer for larger biostructures. For example, human epidermis has an average
thickness of 0.1 mm, which is also the average diameter of standard-sized small blood vessels in
the papillary dermis, and this equates to a TRT of approximately 10 ms. For larger vessels with
a diameter of 0.3 mm, the TRT would be around 100 ms.344
To optimise IPL therapy, one would ideally tailor the system’s pulse duration to be equal or less
than the target tissue’s TRT, while adequately accounting for epidermal relaxation times.344, 348 If
the pulse width is too long, nonspecific thermal damage can occur because energy dissipates from
the target to the surrounding tissue. However, if energy is delivered faster than it can diffuse away,
then thermal damage can be spatially confined. This principle relies on the establishment of a high
temperature gradient between the target tissue and neighbouring structures.

Components of E>Eye IRPL
The E>Eye IPL system in Figure 4.2 is made up of two sub-assemblies: a multi-voltage base unit
and the handpiece (containing an optical filter) known as the applicator. 386, 387

The multi-voltage base unit generates polychromatic light, and houses a programmable electronic
control-command system, as well as the following components:
•

11 circuit boards

•

2 x 4 dedicated circuit boards for the storage and discharge of energy (5 capacitors)
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•

1 dedicated circuit board for the discharging of the capacitor unit

•

1 control card connected to a touch screen for the parameterisation of the device

•

1 electromagnetic compatibility (EMC) mains filter card

The applicator is connected to the base unit via a 2-metre cable comprised of 12 strands (10 x
0.22 mm² and 2 x 4 mm²), and houses the following components:
•

A fluorescent tube supplied with 360 V (direct current) at 300 amps

•

An extra high voltage trigger coil (associated with the fluorescent tube) supplied with 10 kV

•

2 electric cooling fans with 24 m3/hour capacity

•

A circuit board with 2 micro-contacts

•

A temperature sensor

•

2 light-emitting diodes (LEDs)

BK7 optical glass, with an effective surface area of 7.5 cm², forms the optical conduit of the
applicator head. The head of the handpiece is removable because it accommodates the E>Eye
optic cassette (supplied as an accessory). This is a consumable cassette which incorporates the
xenon flash lamp tube and a reflector that must be replaced after 500 flashes. The light generated
from the flash lamp is concentrated by the reflector and filters through the waveguide before
illuminating the patient’s skin. The E>Eye employs a 580 nm high-pass absorption filter distinct
from the head, but housed within the cassette. The optical components (filter and quartz element)
are separated to reduce any cumulative thermal effects. E-Swin reports the emission spectrum to
be above 580 nm with energy flux ranging from 9 to 13 J/cm2. One flash can be subdivided into six
individual pulses lasting 3 ms each, with an interval of 13 ms between each sub-pulse.

The E>Eye IPL device is programmed with six fluence settings, corresponding to the skin types on
the Fitzpatrick scale. Table 4.2 describes the manufacturer recommended treatment level for each
Fitzpatrick skin type.361 Due to hyper-reactive melanocytes in individuals with darkest skin tones,
IPL is deemed unsuitable for those with the highest Fitzpatrick skin type (Type VI).

Table 4.2

Recommended E>Eye IRPL treatment intensities (J/cm2) based on Fitzpatrick skin
phototype,361 with darker skin colours receiving lower treatment levels.
Fitzpatrick Skin Type

E>Eye Treatment Level

Fluence (J/cm2)

Pale white

I

6

13.0

White

II

5

12.2

Light Brown

III

4

11.4

Medium Brown

IV

3

10.6

Dark Brown

V

2

9.8

Very Dark Brown

VI

Unsuitable for E>Eye IPL

Complexion
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In collaboration with the Department of Physics at The University of Auckland, several refinements
were made in the development of the final protocol to measure key IPL spectral output parameters.

Preliminary Research
Based on data acquisition protocol published by Town et al.,380 each parameter of interest was
measured directly using various pieces of apparatus as described in Table 4.3.

Table 4.3

Apparatus employed to quantify IPL optical parameters.

IPL Optical Parameter

Apparatus

Models

Spectral Output

Spectrometer

HR2000+ (Ocean Optics, Florida, USA)
Maya 2000 Pro (Ocean Optics, Florida,
USA)

Pulse Profile and Duration

Energy Density

Optical Detector

Thorlabs (DET10A/M, Germany)

Oscilloscope

Tektronix (DPO4104, USA)

Power Meter

Thorlabs (PM100D, Germany)

Photodiode

Thorlabs (S121C, Germany)

Two different spectrometer models, each with its own advantages and disadvantages, were tested
to measure the radiation spectrum. The trade-off between the two was integration time versus
spectral detection range. Spectral detection range is the range of wavelengths which the apparatus
can measure. Integration time refers to the length of time that the detector can collect photons
before passing the accumulated charge to the analogue-to-digital (A/D) converter for processing.
The minimum integration time of a device is defined as the temporal delay required before
subsequent samples can be collected and is dependent on how fast the detector can read out all
the pixel information. The HR2000+ has a minimum integration time of 1 ms, which is far more
sensitive than the 8 ms of the Maya 2000 Pro. However, the Maya 2000 Pro has a broader spectral
detection range of 200 to 1100 nm compared to the 420 to 850 nm of the HR2000+. The preliminary
equipment setup took separate measurements of each IPL parameter. But this complicated data
analyses because it introduced measurement variability between trials and required a high volume
of flashes to be discharged from the E>Eye device, resulting in unreasonable consumables costs.
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Refined Research Methodology
It was elected to replace the spectrometer in the refined method to the Flame-S model (Ocean
Optics, Florida, USA) due to its superior minimum integration time of 1 ms and spectral detection
range of 190 to 1100 nm. Amendments to the preliminary method were also accomplished by
employing a data acquisition (DAQ) card. Python codes (an interpreted high-level programming
language) were developed to allow simultaneous measurement of all key parameters with a single
system for improved precision. Individual components of this setup could be coupled together, this
way, in terms of physical placement and temporal sequence of operation (Figure 4.3). This ensured
that every optical sensor received near identical magnitude and phase input of the incident
radiation, thus allowing information to be captured from a single IPL flash. Multi-processing was
subsequently employed to analyse the optical information captured without any temporal delay,
and was stored as Hierarchical Data Format-5 (HDF5) on a computer. HDF5 format was chosen
as it easily allowed data plotting and visualisation, as well as storage in a single digital file.
Synchronising the measurement process improved experimental reliability and allowed key
parameters of the IPL flash to be compared on an identical time frame. Table 4.4 summarises the
main performance specifications of the final measurement system.

Figure 4.3

Apparatus setup illustrating the position of each measurement device during
E>Eye IRPL device characterisation.
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Table 4.4

Performance specifications of each measurement device in the final apparatus
setup.
Spectrometer

Photodetector

Power meter

(for DAQ card)
Minimum

1 ms

1 ns rise time

Integration

Photodiode
(for power meter)

2.8 ms

<1 µs response time

(experimental)

Time
Spectral

190-1100 nm

200-1100 nm

400-1100 nm

Detection

(limited by the

Range

photodiode)

400-1100 nm

The minimum integration time of 2.8 ms for the power meter proved to be problematic for the very
short pulse durations of the IPL system. After testing the flashes of commercially available
cameras, it became clear the rate of data acquisition via the photodetector (DAQ card system)
was insufficient for measurements on the millisecond scale. Additionally, the initial rising phase of
the IPL pulse was predicted to have a near-infinite gradient. In response to this issue, the stream
mode of the DAQ card was employed. This allowed the maximal number of data points to be
obtained and saved in a defined time period. Since only one channel was required for the
measurements, an excellent scan rate of 100 kHz (the maximum rate for the T7 DAQ card) could
be achieved. This fast scan rate was facilitated by an internal crystal oscillator of the T7. The
process also utilised the first-in-first-out (FIFO) buffer built within the T7, where input data collected
were temporarily stored, then transferred to the host. 388 Unfortunately, this refinement was
implemented only for the photodetector directly connected to the DAQ card, and not for that of the
power meter. The main reason for this was because the maximum scan rate achievable for two
channels of DAQ was 43.7 kHz. This dramatic decrease from 100 kHz was predicted to be
insufficient in sampling the rising and falling phases of the IPL pulse.

Practical Setup
All three sensor types were positioned in close proximity and facing the same direction. Neutral
density filters were applied as necessary for each sensor to avoid saturation. Across all trials, the
applicator surface of the E>Eye IPL device was held in the same plane and approximately 30 cm
from the sensors. Technical triplicates were completed for each of the six fluence settings available
on the E>Eye IPL device.

72

PART II

4.3

CHAPTER 5

Results
IPL Data

Technical triplicates were conducted for each IPL treatment level, using the practical setup
described in Section 4.2.3. Figure 4.4 is an example of the data output collected from a single IPL
flash (treatment level 4). The DAQ graph in Figure 4.4 and scatterplot in Figure 4.5 illustrate that
radiant energy was delivered in a train of sub-pulses during a single discharge from the flashlamp.
This pattern was consistent for all IPL fluence settings tested (albeit at different voltage levels), with
the six sub- pulse durations consistently around 3.6 ms (Table 4.5). This is over 100 times shorter
than the PM100D power meter sampling rate, which preliminary experiments found to occur
only once every 380 ms. Hence for all IPL treatment levels tested, the power graph output
(Figure 4.4, centre) masked the variations and demonstrated only a single pulse profile that was
much longer in duration when compared to the DAQ reading.

Figure 4.4

Three sets of acquired data from a single 11.4 J/cm2 fluence flash from the E>Eye
IRPL system.
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Scatterplot showing the data distribution for the six sub-pulses during a single
E>Eye IRPL discharge.

Table 4.5

Sub-pulse duration as defined by t0.1 for each E>Eye IRPL fluence setting, and the
overall average duration across all treatment levels. Data are presented as mean
± standard deviation (SD).
IPL Fluence (J/cm2)

Sub-pulse Duration (ms)

9.0

3.60 ± 0.03

9.8

3.59 ± 0.03

10.6

3.60 ± 0.07

11.4

3.59 ± 0.03

12.2

3.63 ± 0.03

13.0

3.65 ± 0.07

Overall Average

3.61 ± 0.04

By analysing the voltage change with respect to time, it appears each sub-pulse exhibited 3
phases for all treatment levels tested:
1) An initial rising phase with an extremely steep gradient
2) A plateau phase where the amplitude fluctuates with noticeable variance
3) A rapid decaying phase, with a gradient less steep than that of the initial rising phase
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Although there was some variation in the maximum amplitude reached by each sub-pulse, there
was no apparent temporal trend to this variation.
Python data analysis codes were developed to reliably calculate sub-pulse duration in relation to
t0.1. The principles of operation are as follows:
1) Split the data set into single-pulse subsets
2) Calculate the maximum amplitude and 10% of its value
3) Estimate and obtain the two time-index of values closest to the 10% of maximum amplitude,
one on each side of the sub-pulse
4) Evaluate the difference between these two values in real time
5) Repeat for the next subset
A similar method was used to analyse the time delay between each sub- pulse, and the results
in Table 4.6 demonstrated that resting periods were consistent across all fluence settings.

Table 4.6

Delay times between each sub-pulse, and the overall average for all treatment
levels of the E>Eye IRPL system. Data are presented as mean ± SD.
IPL Fluence (J/cm2)

Delay Time (ms)

9.0

12.52 ± 0.1

9.8

12.44 ± 0.1

10.6

12.41 ± 0.2

11.4

12.45 ± 0.1

12.2

12.36 ± 0.09

13.0

12.40 ± 0.2

Overall Average

12.43 ± 0.1

The spectral output for the E>Eye IPL system was in the 580 to 970 nm range for all treatment
levels. Graphs shown in Figure 4.4 and Figure 4.6 consistently showed several large peaks
towards the near infrared region of the spectrum at all fluence settings. The steep cut-off near
580nm and attenuation of the lower wavelengths are most likely indicative of the presence of the high
bandpass optical filter inside the E>Eye handpiece, described in the product specifications from the
manufacturer.387 Figure 4.7 is illustrative of the time-resolved spectral output collected during a
single flash. Note the six near-identical sub-pulse spectra observed at regular time intervals, and
the relatively constant intensity of each wavelength profile across the pulse train.
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Spectral information captured from a single E>Eye flashlamp discharge for a
fluence setting of 10.6 J/cm2. Each colour represents a single sampling interaction.

Figure 4.7

3D figure showing the time-resolved spectral output captured in a sub-pulse train
for a fluence setting of 11.4 J/cm2 on the E>Eye IRPL device.
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Discussion
IPL Pulse Profile

Regardless of the treatment level, the E>Eye IPL flashlamp delivered radiant energy in a train of
six equally spaced sub-pulses. The mean duration of each sub-pulse was 3.61 ± 0.04 ms with a
mean ± SD delay of 12.43 ± 0.1 ms. Figure 4.5 demonstrated the “close stacking” temporal pulse
profile employed by the system, which is considered superior to “free discharge” or “spaced
stacking” profiles.351 This is because optical energy delivered via a “square” or “close stacking”
temporal profile tends to be more efficient and consistent, increasing repeatability of results and
reducing the risk of adverse clinical sequelae.351 This is a desirable characteristic given the
manufacturer’s recommendation that at least four overlapping pulses need to be applied in a single
treatment session to effect relief from MGD. Figure 4.5 illustrated minor differing energies in the
maximum voltage amplitude reached by each sub-pulse, possibly inferring the E>Eye system
discharges a number of capacitors separately for each sub-pulse.352

Another inherent advantage of multiple sequential sub-pulsing is that it prevents skin temperatures
from rising above 70ºC.389 During rosacea flare-ups,390 it is hypothesised that various triggers may
stimulate persistent dilation of small blood vessels that underly telangiectasia development as a
result of dysregulation in the cutaneous vasomotor system.391 Given pulse width affects spatial
confinement of the thermal energy within the target vessel,299, 348, 392 IPL flash duration should
ideally be equal to, or shorter than, the TRT of the microcirculatory changes. Using videocapillaroscopic examination, Rosina et al. demonstrated the mean diameter of cutaneous vessels
in rosacea were significantly greater compared to those in healthy subjects or those affected by
seborrheic dermatitis.393 Healthy micro-vessels in the papillary dermis range from 10-35 μm in
width, which increase to 40-50 μm in the deeper dermis layer.394, 395 Therefore, a vessel greater
than 100 μm in diameter can be considered to represent telangiectasia.395, 396 As described earlier,
typical epidermal thickness of 100 μm and a standard 100 μm diameter blood vessel would exhibit
a TRT of approximately 10 ms; while a larger blood vessel greater than 300 μm diameter would be
around 100 ms.344 Therefore, larger blood vessels will cool more slowly than the surrounding
papillary dermis when a single IPL flash is applied. Hence selective thrombosis of pathologic blood
vessels (telangiectasia) should ideally be performed using multiple millisecond-pulses, sufficient to
cause photocoagulation, but with enough temporal delay (≥10 ms) between the sub-pulses to
accommodate the normal epidermal TRT. When a pulse train is applied to larger blood vessels
(>300 μm), it exerts an additive thermal effect preventing the temperature from returning to
equilibrium before the next sub-pulse arrives.344 The E>Eye system discharges six millisecondpulses with ≥10 ms delay, which supports minimal heat diffusion to non-targeted tissues, thus
reducing the risk of thermal injury. The IPL’s pulse duration and profile appear to have been
optimised to promote selective photothermolysis of abnormal dilated blood vessels in the papillary
dermis in the treatment zone inferior to the MGs of the lower eyelid, lending support to the theory
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that IPL therapy may effect reduced leakage of inflammatory mediators from “abnormal” vessels
that otherwise contribute to the “vicious circle” of EDE.

IPL Spectral Output
The spectral output of the E>Eye device consistently fell within in the wavelength range of 580 to
970 nm and exhibited several large peaks towards the near infrared wavelengths. According to
their absorption coefficient, bright red chromophore targets (oxyhaemoglobin) require treatment
with a 515 to 590 nm filter, while blue targets (deoxyhaemoglobin) are optimally treated with 590 nm
or higher spectra.389 Interestingly, the measured peak emission of the E>Eye does not lie in the
600 to 750 nm region, that might be considered most efficient at causing thrombosis of
telangiectasia. Rather, the E>Eye spectral output appears to be more closely aligned with the 600
to 950 nm optical window described as Low Level Light Therapy (LLLT).397 As noted in Chapter 1,
LLLT is considered a form of alternative medicine,398 with a lack of scientific consensus over the
validity of health benefits claimed in areas such as pain management, tissue regeneration,
inflammation and neuronal signalling.374 Further strides in understanding the mechanisms of action
of LLLT at a cellular level are required. Given the debate surrounding the effectiveness of LLLT
therapy, it is difficult to infer that ocular benefits from IPL treatment might be a result of red and
near infrared radiation discharged from the xenon flashlamp.

The E>Eye IPL system has a Medical CE certification for ophthalmology and dermatology in
Europe, which is a declaration by the manufacturer that the electro-medical equipment conforms
to the required regulatory standards for safety and environmental protection legislation under all
of the applicable European Union directives. 399 Reassuringly, the E>Eye’s spectra was found not
to contain ultraviolet (UV) radiation in the range of 190 to 400nm, which is considered mutagenic.363
The elimination of such UV wavelengths would, however, counter the hypothesis that a reduction
in the commensal bacterial load of the ocular adnexa is likely to be a key underlying mechanism of
IPL. The implications of this finding are discussed in more detail in Section 5.2 (Chapter 5) in
relation to the effect of IPL application to common ocular bacteria, in vitro.

In considering limitations of the experimental setup used to characterise the spectral output of the
E>Eye IPL device, it should be noted that the spectrometer was capable of measuring wavelengths
only within the 190 to 1100nm range. This limited the characterisation of longer spectral ranges
in this investigation because the manufacturer of the device (E-Swin) specifies the wavelength range
for their system to be between 580 to 1200nm. Given the IPL device is used clinically with a thick
layer of clear ultrasound gel to protect the epidermis during application, another limitation to this
project would be the possible unknown influence the coupling gel has on radiation delivery.

Despite some minor shortcomings, this experiment highlighted important details about the spectral
output characteristics of the E>Eye system, that might inform our understanding the potential
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mechanism(s) of action of IPL in treating MGD (discussed in later chapters). Future research
directions include studying the key optical parameters overtime to confirm whether output
consistency is upheld and diagnose performance issues with the xenon flashlamp when it is brand
new versus towards the end of its functional lifetime.
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CHAPTER 5. PRELIMINARY IPL EXPERIMENTS
5.1

Thermal Effect

5.1.1 Introduction
As discussed in Chapter 1, normal meibum resident in the ducts of meibomian glands (MGs) is a
clear oil that can be easily expressed by applying digital pressure to the upper or lower eyelid
margins. In cases of obstructive MGD, alteration of lipid composition causes the secretion to
become more viscous, and increasingly difficult to express. 124, 184, 220, 226 IPL therapy is a modern
treatment modality with demonstrable efficacy in promoting tear lipid layer improvement in MGD. 275,
283, 288, 291, 400

Due to the relative convenience of periocular application, IPL shows potential as an

alternative management option that may mitigate some of the issues associated with traditional
treatment strategies, such as being time consuming and inconvenient, requiring frequent repeated
applications, and therefore may overcome issues of poor or non-compliance that can affect
management success. The E>Eye IPL device described in this thesis delivers multiple sub-pulses
of polychromatic light that are absorbed by skin chromophores (melanin and haemoglobin) via
selective absorption, and transformed into heat energy.299 Using infrared thermography, Craig et
al.275 observed the external eyelid skin temperature increased by 1°C immediately after IPL
application. However, this was measured after wiping away the conducting gel from the skin
surface, which meant considerable heat was likely lost during those few seconds of gel removal. It
is difficult, therefore, to infer the degree of local heat rise that occurs during periocular IPL
application, especially at the level of the MGs that are located close to the palpebral conjunctiva. In
an effort to explore the thermal effects of IPL below the surface of the skin, a rudimentary in vitro
ham “eyelid model” amenable to in vitro experimentation was created.
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5.1.2 Materials and Methods
E>Eye IRPL Device
In order to answer the aims outlined in Section 1.5, the following experimental setup needs to
resemble the clinical protocol as closely as possible According to the E>Eye manufacturer’s
recommended practice, a 5 mm layer of clear ultrasound gel should be applied onto the area of
treatment to protect the cutaneous surface and assist in light transmission through the outer skin
layer. Four individual pulses are applied to adjacent, but slightly overlapping periocular zones,
immediately below the edge of the protective opaque goggles (Figure 5.1)

Figure 5.1

Application pattern of four E>Eye IRPL pulses on a patient for the treatment of
MGD.

Eyelid Model
Circular ham steaks (Countdown Ltd, Auckland, NZ), measuring approximately 85 mm diameter
and 1.1 mm in thickness, were sliced in half to form semi-circular pieces. Ham steaks containing
inhomogeneous pockets of fat or gristle were discarded from the experiment, and excess moisture
on the surface was removed by gently patting with a paper towel. To mimic the anterior lamella and
posterior lamella (containing the MGs) of the eyelid, two ham steaks were stacked together to
resemble the basic lamellar structure of the eyelid and was termed the “eyelid model”. Mimicking
the lamellae is a means of testing temperature at a depth consistent with the location of the MGs
within the eyelid. Illustration in Figure 5.2 depict the “eyelid model” was then warmed by sealing in
cling film and placing on top of a closed 1.5 litre plastic container filled halfway with hot water (4045°C). Heat from the lid of the container slowly warmed the ham steaks until they reached
approximately central eyelid margin temperature, reported to be 33·4 ± 0·1°C (mean ± SEM).226
Infrared thermography (Thermo TVS-200EX, with a precision of ± 2°C)401 was used to measure
surface temperature. All thermography images were collected by the same investigator in a
standard clinic room maintained at a relatively constant temperature (20-21°C) and humidity level
(68% relative humidity).
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Experimental Design
A layer of approximately 5 mm of clear ultrasound gel (20°C) was applied to the glass transmission
block of the E>Eye IPL handset. Once the “eyelid model” reached the intended temperature,226 it
was unwrapped from the cling film and the temperature at the centre of the ham recorded
immediately. As shown in Figure 5.1, the maximum pulse overlap in the treatment area is two
flashes. Therefore, two consecutive pulses of IPL were applied to the centre of the “eyelid model”
to match the clinical application as closely as possible. Afterwards, the anterior layer of ham was
immediately removed, and temperature of the posterior layer recorded. To combat minor variation
in colour, thickness, moisture and texture of the ham steaks, multiple replicates were performed on
different ham steaks. Each replicate was performed on a new “eyelid model” to avoid the possibility
of structural changes to the tissue with repeated IPL application that might affect the results. E>Eye
treatment settings of levels 2, 3, 4, 5 and 6 were evaluated. Reported results of the mean change
in temperature following IPL application are based on a series of ten independent trials, conducted
over two separate occasions, for each fluence level.

Figure 5.2

Schematic representation of experimental setup to measure thermal effect of two
IPL pulses on ham “eyelid model”.

Data Analysis
Statistical analysis was performed using GraphPad Prism version 7.03 (GraphPad Software Inc.,
USA). A D'Agostino-Pearson normality test was performed to assess the distribution of residuals in
terms of asymmetry and shape, and p values were considered significant if < 0.05. All normally
distributed continuous data are presented as mean ± SD, unless otherwise stated.
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5.1.3 Results
The mean surface temperature of the inner lamellae of the ham “eyelid model” was 34 ± 1°C
(mean ± SD) prior to IPL application. After irradiation, the mean inner eyelid temperature increased
for all treatment intensity levels. Table 5.1 and Figure 5.3 demonstrate a non-linear positive
correlation between the magnitude of thermal change and increasing energy density (fluence).
Statistical analysis confirmed normal distribution of residuals (p = 0.39).

Table 5.1

Effect of treatment level/fluence following the application of two E>Eye IRPL pulses
on the magnitude of thermal rise at the inner layer of the ham “eyelid”. Data
presented as mean ± SD from independent experiments performed on two
separate days.

Figure 5.3

IPL Treatment Level

Fluence (J/cm2)

Temperature Change (°C)

2 (n=10)

9.8

2.1 ± 0.6

3 (n=10)

10.6

2.3 ± 0.4

4 (n=10)

11.4

2.5 ± 0.6

5 (n=10)

12.2

2.8 ± 0.4

6 (n=10)

13.0

3.5 ± 0.6

Mean temperature change (in °C) of the inner layer of the ham “eyelid model”,
following the application of two E>Eye IRPL pulses. Error bars represent ± SD.
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5.1.4 Discussion
The use of bilaminar ham steaks as rudimentary “eyelid models” approximated the positioning of
the MGs within the tarsal plates, in accordance to basic human eyelid anatomy,97 this also formed
the rationale for measuring the temperature change of the inner ham layer post-IPL treatment.
Temperature increase at the “posterior lamella” following two consecutive pulses of E>Eye IPL was
demonstrated in this study, and thus might be expected to equate to the temperature rise at the
locus of the MGs within the eyelid during in vivo application. The magnitude of thermal effect was
shown to be positively associated with the fluence of the IPL pulse, indicating that if applied to a
substrate of consistent form and colour, increased fluence levels correspond to generation of
greater amounts of thermal energy. It must be remembered, however, that the tailoring of fluence
level to skin phototype (such that the most highly absorbing skin types receive the lowest fluence
treatments) will most likely offset such a difference in the clinical setting.
In this study, the maximum temperature recorded after IPL application on the ham “eyelid model”
was approximately 40°C. Although temperature measurements were collected swiftly during the
experiment, it is possible the brief delay caused by removing the anterior ham layer and undertaking
infrared thermography could have allowed for some heat to escape, thus underestimating the
temperature rise. In addition, the process of administering baseline thermographic imaging may
have also allowed the ham steaks to cool slightly prior to IPL application. Given the human eyelid
is approximately 1 mm thick,402 our data from a ham “eyelid model” with lamellae of comparable
thickness suggest in vivo treatment with IPL would have the potential to raise the temperature of
the treated periocular skin, even at the depth of the MGs. In literature, the melting points of
obstructed meibum in MGD have been reported to range from 32 to 45°C.106 This means that homebased warm compress need to be heated to approximately 45°C and administered to the external
eyelid for at least four minutes in order to raise the inner lower eyelid temperature to ≥40ºC.267
Depending on disease severity, it is reasonable to postulate the thermal effect of IPL may be
sufficient to soften the abnormal meibum in obstructed glands, and perhaps would do so in a more
efficiently compared manner to conventional warm compress. The benefit of eyelid warming in
healthy and MGD subjects have been demonstrated in numerous studies to increase TFLL
thickness and improve tear film function.202, 226, 403 Therefore, local heating of the MGs to liquefy the
contents and improve meibum outflow may be one of the underlying mechanisms of action for IPL
therapy.288 However, it is unlikely that heat application alone can explain the ocular benefits. Based
on the findings from the prospective paired-eye study by Craig et al. and the open-label trial by
Albietz et al. IPL produced cumulative benefits in DED, even without accompanying therapeutic
gland expression.275, 300 More specifically, Craig et al. discovered that in the treated eye, tear film
lipid layer grading (LLG) improved significantly from baseline over the three visits, while the
differences in NIKBUT and LLG between treated and non-treated eyes were not significant until
after the third visit.275
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In summary, this in vitro study has shown that the application of IPL with the E>Eye device
increased the temperature of the ham “eyelid model”, suggesting the same effect is likely to occur
in the periocular treatment zone during clinical application. This temperature rise would lend support
to the belief that the device assists in softening the meibum, which then permits more efficient
therapeutic expression immediately post-IPL, although further experiments are required to confirm
the nature of heat dissipation post-IPL. Nevertheless, the experienced transient temperature rise is
unlikely to be the dominant underlying mechanism of action responsible for the improved signs and
symptoms of MGD following IPL therapy as it fails to explain the cumulative benefits observed in
literature.
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In Vitro Effect on Ocular Bacterium

5.2.1 Introduction
While the aetiology and pathophysiology of DED is often multifactorial, bacteria have been
implicated as causative agents in both anterior blepharitis and MGD. 42,

307

Strong clinical and

laboratory evidence suggest that bacterial colonisation with effects from toxins, direct tissue
invasion, bacteria-induced hypersensitivity and inflammatory reactions is involved in anterior
blepharitis.68, 155 In MGD, bacterial lipases alter the molecular composition of the meibum. This
increases its melting point and stagnates the secretory flow from MGs, ultimately leading to a
compromised TFLL.42, 155, 160 Previous studies also confirm that individuals with blepharitis and
MGD tend to harbour more complex microbiota profiles compared to healthy controls,205 they also
tend to host an overgrowth of ocular commensals, with bacteria of the Staphylococcus species
being most frequently isolated.147, 148, 151 Similar to the function of commensals which colonise the
gut, ocular microbiome coexists with ocular surface immunity to help maintain homeostasis via
tolerogenic responses from immune cells and elimination of pathogenic microbes.404, 405 Therefore,
it is suspected that alteration to the ecology of ocular microflora can lead to inflammatory
dysfunction at the ocular surface.149 Bacterial susceptibility to antibiotics406 and optical radiation281
are well documented in literature, therefore application of light-based therapy may be a possible
modulating factor on microbiome of the eye. As discussed in Chapter 3, IPL flash lamps discharge
a broad spectrum, non-coherent, polychromatic light extending from the visible (515 nm) to the
infrared (1200 nm) wavelengths. With sensitivity to specific parts of the electromagnetic spectrum,
it is not inconceivable that bacterial load on the lid margin and ocular adnexa could be affected by
the application of IPL.407, 408 In this way, reducing the microorganism load on the lid margin, and
thereby decreasing their proinflammatory effects, could potentially prove to be a therapeutic
strategy for improvement in blepharitis. This study assesses the in vitro effect of IPL on bacteria
recognised to exist within the periocular microbiome.

5.2.2 Materials and Methods
All experiments were conducted using the E>Eye IPL device, on the highest pulse intensity (fluence
13 J/cm2). The bactericidal potential of IPL was tested on the Gram-positive bacterium species
Staphylococcus aureus because it is predominantly associated with MGD. 151 Standard laboratory
reference strain ATCC 6538 was selected as a representative strain in this experiment. The
bacterial strain was propagated in 10 ml Lysogeny broth (LB) in 50 ml V-bottom Falcon tube. The
culture broth was incubated overnight at 37°C with shaking at 200 rpm. After incubation, ten-fold
serial dilution (with saline as diluent) was performed and plated onto correspondent agar plates,
producing six replicates for each dilution factor. Half of the replicates were exposed to IPL treatment
in a dark room, while the remaining plates were untreated to serve as controls. IPL pulses were
discharged as close as possible above the exposed agar plate without direct contact; pulses were
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discharged four times continuously in a fan shape to mimic its delivery in clinical practice. All agar
plates were incubated aerobically (37°C, 5% carbon dioxide) for 24 hours, then total CFU were
counted adjusting for dilution factor. The lethality of the IPL process was determined by comparing
bacterial growth of treated and untreated LB agar surfaces (expressed in terms of log 10 CFU/ml).

Statistical Analyses
Statistical analyses and graphical plots were created using GraphPad Prism version 6.0 (GraphPad
Software Inc., USA). Variables were tested for normality with the Kolmogorov-Smirnov test.
Normally distributed data were reported as mean ± SD, and differences between treated and nontreated agar plates were compared using the unpaired samples t test.

5.2.3 Results
Figure 5.4 demonstrates the mean CFU/ml for Control and IPL treated agar plates of three
biological replicates (which contained three technical replicates for each exposure group). CFU
data for both exposure groups satisfied the Kolmogorov-Smirnov normality test (p > 0.05).
Statistical analysis found no significant difference (p > 0.05) in the number of CFU/ml between IPL
treated and untreated agar plates.
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Mean numbers of S.aureus (CFU/ml) of three biological replicates for Control and
IPL treated agar plates. Error bars represent ± SD.
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5.2.4 Discussion
The mechanism by which MGD signs and symptoms improve following IPL treatment remains
incompletely understood. One of the proposed mechanisms is that IPL may directly affect the
bacterial load on the ocular adnexa to help reduce signs and symptoms of MGD. Although
outcomes from the present study suggest that there is no direct in vitro inactivation of ocular
commensal S.aureus, there are a number of possible explanations for the negative results. Among
these is the lack of UV wavelengths in the spectral range of the E>Eye device (580-1200nm). UV-C
light (200-280 nm) is recognised to play a major role in microbial destruction of clinically relevant
Gram-positive and Gram-negative bacteria.407 The UV spectral output from the E>Eye flash lamp
is blocked by filters most likely because of the potential detrimental effects of UV on skin and ocular
tissues when delivered in such close proximity to the eye. Another explanation may be that the
fluence lacked the necessary power to have an effect on the bacteria. The fluence limit of the
E>Eye pulse, ranges only from 9 to 13 J/cm2. Even at its highest setting, the fluence is relatively
low compared to that delivered by devices commercially available for purposes such as hair
removal.273 Furthermore, the pale appearance of isolated S.aureus colonies suggest they lack the
chromophores necessary to make them susceptible to photo-excitation. It might be possible that a
different effect could be observed when the bacteria overlie a more pigmented structure such as
during treatments in vivo, which causes local temperature to rise in the periocular tissues. Further
disparity between the in vitro and in vivo antimicrobial effects may arise due to the potential of IPL
to interfere with the inflammatory cycle of DED. If IPL therapy indeed reduces the “proinflammatory
state” of the ocular surface microenvironment to help disrupt the Vicious Circle of DED,282 then this
might provide a less favourable environment for bacteria to thrive.409
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Ex vivo effect of IPL on Demodex

5.3.1 Introduction
Another opportunistic pathogen implicated in DED is ocular Demodex. Patients with blepharitis and
rosacea tend to exhibit higher rates of colonisation and degree of ocular demodicosis compared to
normal subjects.163, 165, 166, 410 The two Demodex species responsible are Demodex folliculorum and
Demodex brevis,410 which coexist as commensal organisms in normal populations and are
ubiquitous in nature.411 The exact pathogenic pathway is not fully understood since DED symptoms
do not always present in patients harbouring Demodex, and a low count of Demodex can be found
in individuals without ocular irritation.163 Nevertheless, current proposed mechanisms of
pathogenicity include the consumption of epithelial cells, lipolytic enzyme production, increase in
bacterial load on the eyelids, and direct follicular micro-abrasion contributing to epithelial
hyperplasia and reactive hyperkeratinisation.166 Confirmation of ocular demodicosis typically
requires lash epilation under slit lamp biomicroscopy. It is recommended the procedure is carried
out in a dark room under blue light due to the mite’s aversion to bright light,412 which can cause
them to recede back into the lash follicle. Some researchers have observed decreased Demodex
in vivo after IPL application,362 this study explores the survival rate of Demodex mites when IPL is
applied ex vivo to determine if the Demodex are sensitive to IPL in themselves, or if any effect
researchers are observing may be secondary to changes in the tissues surrounding the Demodex
(e.g. local tissue temperature rise that coagulates the mite). To our knowledge at the time of thesis
publication, no previous studies have investigated the direct ex vivo effects of IPL on human ocular
Demodex.

5.3.2 Materials and Methods
Sample collection in this study was conducted with approval from the University of Auckland Human
Participants Ethics Committee (UAHPEC 013430) and under the tenets of the Declaration of
Helsinki. All ex vivo experiments were conducted using the E>Eye IPL device on the highest pulse
intensity (fluence 13 J/cm2). Consenting participants over eighteen years of age with blepharitis and
symptomatic of DED were invited to participate in this study. At the slit lamp under 25X
magnification, individual eyelashes with cylindrical dandruff were preferentially selected and
grasped close to the base with fine forceps. According to the recommendations of Gao et al.

233

each lash was rotated for 20 seconds under blue illumination before epilation and placed onto a
clean microscope slide. Lashes with viable adult mites (recognised as having four pairs of legs and
stumpy bodies, Figure 5.5) were identified under light microscopy (200X magnification) and
assigned to one of three exposure groups: no treatment, 5 µl aliquot of 100% tea tree oil (TTO;
Home essentials, PSH Healthcare Ltd, Auckland, NZ) or two continuous pulses of IPL. Only
Demodex completely separated from the eyelash were exposed to IPL because of the potential for
heat rise in the more pigmented lash could confound the results. Demodex were exposed to two
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direct IPL flashes because this is the maximum pulse overlap the periocular skin receives during
clinical treatment (see Figure 5.1). In all other treatment groups, mites with more than half their
body exposed outside of cylindrical dandruff casing were used. Time to death (TTD) was defined
as the time between treatment application and the time when limb movement ceased (Figure 5.5)
or the mite had taken on a “ghost”-like appearance (Figure 5.6).

A maximum time limit for

evaluation of 210 minutes was considered to represent an absence of effect. Mite procurement and
treatment testing were conducted by the same investigator under constant environmental
conditions (temperature ranging from 21 to 22°C and relative humidity between 51 to 69%).
Average TTD was compared between treatments.

Figure 5.5

Limbed portion of a vital adult Demodex folliculorum mite.

Figure 5.6

Devitalised Demodex mite taking on the appearance of a crenated “ghost mite”.

Statistical Analyses
Demodex survival times for each treatment group were plotted using Kaplan-Meier survival curves
and subsequently analysed with Log Rank test (Mantel Cox). A p value of < 0.05 was considered
statistically significant. Analyses were performed on GraphPad Prism software Version 6.0
(GraphPad Software Inc., USA).

5.3.3 Results
A total of 34 live adult mites were identified as suitable for testing from lash epilation of eight
consenting volunteers. Table 5.2 summarises the average time to death (TTD) and standard
deviation for each treatment group, and Figure 5.7 illustrates the cumulative mite survival as
percentage versus time (minutes). Results showed that all Demodex mites without any treatment
(negative control, n = 10) survived for longer than 210 minutes. Within the IPL treatment group
(n = 14), 93% of mites remained vital past 210 minutes of lapsed time. Conversely, 100% TTO
(positive control, n = 10) resulted in a 100% kill rate within 30 minutes of product contact. Log Rank
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test (Mantel Cox) analysis revealed no significant difference in survival curves of IPL and no
treatment group (p = 0.40), while 100% TTO proved statistically to be superior in acaricidal efficacy
to both IPL treatment and control (p < 0.001).

Table 5.2

Survival time of Demodex subjected to IPL and tea tree oil treatment vs untreated
control. Data presented as mean ± SD.
No Treatment

100% TTO

(Negative control)

(Positive control)

IPL

TTD (minutes)

210

12.2 ± 5.7

199 ± 41.6

n

10

10

14

Abbreviations: n, number of Demodex tested; IPL, intense pulsed light; TTD, time to death; TTO,

Cumulative survival %

Tea Tree oil.

No treatment

100
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Figure 5.7

Cumulative Demodex survival as percentage versus time (minutes) for no
treatment, 100% tea tree oil, and IPL treatment groups.
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5.3.4 Discussion
One of the proposed mechanisms in Chapter 3 for the ocular benefits of IPL is an effect the
Demodex load on the ocular adnexa that is believed to help alleviate signs and symptoms of
MGD.362, 379 While the present ex vivo study found E>Eye IPL has no direct acaricidal properties,
the results cannot rule out the possibility of an indirect influence, in the in vivo situation that may
help to tip the balance of commensalism in favour of the human host. Previous research has
indicated that both species of Demodex (D. folliculorum and D. brevis) are conditional-pathogenic
parasites, especially when combined with a weakened host immune system.413, 414 Therefore when
IPL is applied during in vivo clinical treatments, the therapy may produce potential anti-inflammatory
and immune-modulating influences that can help the host’s own immune system to fight against
the overgrowth of commensal microorganisms. It is also crucial to note that when IPL is applied to
the skin, the melanin present in the epidermis produces a considerably higher photo-thermal effect
compared to current in vitro and ex vivo experiments, which were performed against a white
background. Thus, when administered in vivo, localised heating of the tissues adjacent to the mites
by IPL may result in a loss of mite vitality due to overheating of the internal cellular constituents of
microorganisms, which could help to enhance the perception of IPL’s antibacterial and acaricidal
properties. Interestingly, a previous study investigating in vitro mite viability found that temperatures
of 37°C and above are detrimental to the mite’s survival.415 The temperature of the human eyelid
(approximately 33°C) was not simulated in this present experiment, and may explain the lack of
acaricidal properties when IPL was performed in vitro. Furthermore, Gao et al. suggest that earlier
life stages of Demodex could be more vulnerable to treatment agents.416 For consistency in
identification purposes and survival times, only adult mites were included in this study. Therefore,
when IPL is applied in vivo, it may be effective against juvenile stages of the mite and exert some
impact by interrupting the breeding cycle. In the later chapters of this thesis, the in vivo effects of
IPL on ocular bacteria and Demodex are explored.
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CHAPTER 6. CLINICAL MATERIALS AND METHODS
6.1

Background

Excessive evaporation is a contributing factor in over 80% of symptomatic dry eye disease (DED),41
and meibomian gland dysfunction (MGD) has been reported to be the leading cause.66 Uninhibited
flow of the oily meibum, produced by the meibomian glands (MGs) within the tarsal plates of the
eyelids, onto the ocular surface is essential in supporting tear fluid retention and stability.90, 121 When
this process is compromised, evaporative dry eye (EDE) can ensue. As such, the justifications for
undertaking this IPL clinical trial were previously outlined. Chapter 1 summarised the current
literature on EDE, the knowledge gap in IPL’s mechanism(s) of action for MGD relief, including the
paucity of high-quality scientific evidence that unequivocally demonstrate the efficacy of IPL as an
effective standalone therapy. Chapter 2 evaluated the current dry eye practice behaviours of NZ
ophthalmic practitioners and identified the need for alternative DED management options, as well
as the potential for further improvement in standardisation of evidence-based DED diagnosis and
management protocols. The prospect for IPL therapy to be able to help address these concerns
(Chapters 3 and 4) and the outcomes from preliminary in vitro and ex vivo studies (Chapter 5) have
informed the aims, study design and specific methods of the IPL clinical trial discussed in this
chapter.

As discussed in Section 1.3, it was the aim of this study to obtain Level 1 evidence through an
improved study design, to validate the true benefits of IPL therapy, and to explore its underlying
mechanism(s) of action. The prospective trial reported in subsequent chapters was randomised,
double-masked, of a non-paired eye design, and evaluated outcomes over a time frame of 3.5
months. As a further improvement to the pilot study from Craig et al.,275 clinical outcomes were
measured before treatment was applied at each visit, and thus reflect the therapeutic effects of the
prior IPL application and not any immediate effect from local heating or lid manipulation. This
refinement was implemented in order to assess the cumulative nature of any ocular benefits most
fairly.
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Aims

Understanding the underlying mechanism(s) of action has the potential to strengthen prognostic
accuracy for practitioners giving advice to patients being offered IPL therapy and may highlight
differential subgroup applicability of IPL. The present investigation aimed to fulfil the following
objectives:
•

To compare patient symptomology, tear film integrity and ocular surface parameters between
baseline and 3.5 months after commencing a 4-treatment course of IPL therapy.

•

To compare the lid margin bacterial load and Demodex infestation before and after the course
of treatment.

•

To evaluate corneal nerve and MG structure using in vivo confocal microscopy (IVCM) before
and after the course of treatment.

•

To evaluate changes in the levels of inflammatory biomarkers and neuromediators before and
after the course of treatment.

6.2.1 Study Outcomes
The primary outcome measure is DED symptomatology assessed by validated dry eye
questionnaires (DEQs).

Secondary metrics under investigation include:
•

Structural signs of MGD and dry eye (gland orifice appearance, gland drop out)

•

Functional measures relevant to MGD (tear film lipid layer grade, meibum expressibility and
quality, tear stability)

•

Lid margin microbial load and Demodex infestation

•

Ocular surface integrity and inflammation (clinical dyes, in vivo confocal microscopy imaging,
inflammatory biomarkers, hyperaemia)

•

Neuroregulatory changes (corneal and lid margin sensitivity, in vivo confocal microscopy
imaging, neuropeptide biomarkers)

6.3

Proposed Mechanisms of Action

The scientific literature described in Chapter 3 supports the application of IPL as an effective
management option for patients with acne rosacea, and there is a growing enthusiasm for its use
in MGD relief. Low evidence support from retrospective review288 combined with encouraging pilot
data from a more rigorous prospective trial275 lend validation to the therapeutic application of
periocular IPL in cases of EDE that is secondary to MGD. Proposed mechanisms of action that
might contribute to improving tear film quality and reducing DED symptoms include:
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IPL, through the delivery of thermal energy liquefies congealed lipids, promoting flow from the
glands and supplementing the tear film lipid layer.

•

Delivery of light and thermal energy to the lower eyelid area inhibits the release of inflammatory
mediators in the vicinity of MGs correlating with improved ocular comfort.

•

Delivery of light and thermal energy in trained pulses to the lower eyelid area increases
neuropeptide release, which effects an improvement in gland function through neural
stimulation.

6.4

Participants

A total of 87 subjects were recruited from eligible staff and students of the University of Auckland,
local optometry practices and the Ocular Surface Laboratory volunteer database between October
2016 and September 2017. All participants were aged between 18 and 80 years at the time of
enrolment. No adverse events occurred, and only one participant failed to complete the treatment
course and was thus exited from the study.

Recruited participants exceeded the sample size requirements for the desired study power. Power
calculations were conducted with non-invasive tear film breakup time as the designated outcome
(representing a more objective endpoint than subjective symptoms), and showed that a minimum
of 25 participants was required in each of the three treatment groups (a total of 75 participants), to
detect a clinically significant difference of 3 to 4 seconds in pairwise comparisons, at 80% power
(β=0.2) and a two-sided statistical significance level of 5% (α=0.05), with the SD of normal values
being estimated to be approximately 4 to 6 seconds.417 Sample size estimates were determined
using a uniform non-parametric adjustment, with NCSS PASS 2002 (Utah, USA). Tear film stability
was chosen as a global index of tear film quality in diagnosing dry eye disease, its association with
comfort,418 and as a key outcome measure based on reports in the literature of its positive
association with increased lipid layer thickness (LLT) and reduced aqueous evaporation. 90, 121

6.4.1 Inclusion Criteria
•

Males or females

•

Age ≥18 years

•

Normal lid architecture, and closure

•

Clinically significant signs of MGD (according to Foulks and Bron419) and symptoms of EDE
(scored >12 on Ocular Surface Disease Index and/or >9 on McMonnies dry eye questionnaire)
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6.4.2 Exclusion Criteria
•

Contact lens wearers unwilling to remove lenses at least one week prior to the commencement
of, and for the duration of the study

•

Ocular surgery (such as refractive or cataract surgery) in either eye within 3 months of the
screening visit

•

A systemic condition or disease considered unstable or judged by the investigator to be
incompatible with participation in the study (e.g. current systemic infection, uncontrolled
autoimmune disease, uncontrolled immunodeficiency disease, history of myocardial infarction
etc.)

•

The history or presence of any skin condition, disorder or use of medications that might interfere
with the study outcomes, or are contraindicated for IPL treatment (e.g. doxycycline, or other
photosensitive medications; see Appendix C for full details)

•

The history or presence of any ocular disorder or condition in either eye that would likely
interfere with the interpretation of the study results or patient safety such as a significant
reduction in visual acuity e.g. ≤ 20/200; significant corneal or conjunctival scarring, pterygium
or nodular pinguecula; current ocular infection or inflammation unrelated to DED; anterior
(epithelial) basement membrane corneal dystrophy or other clinically significant corneal
dystrophy/degeneration; ocular herpetic infection etc.

•

Active or uncontrolled severe systemic allergy, chronic seasonal allergies, rhinitis or sinusitis
requiring treatment (i.e. antihistamines, decongestants, oral or aerosol steroids) at the time of
screening

•

Use of medication known to cause ocular drying (e.g. cyclosporine, antihistamines, tricyclic
antidepressants, anxiolytics, antimuscarinics, beta-blocking agents, diuretics, phenothiazines,
steroids etc.) within 30 days of the screening visit

•

Punctal plugs in situ

•

Participation in any clinical trial with a new active substance or a new device during the past 30
days, or prior IPL therapy for MGD at any time

•

Women who self-report to be pregnant, planning a pregnancy or nursing at study entry

6.4.3 Concomitant Medications
Concomitant medications not expected to affect the tear film or ocular surface, nor the skin
sensitivity, were permitted if taken for at least 3 months prior to study commencement and if use
was anticipated to remain stable for the duration of the study. Participants were requested not to
wear cosmetics, and not to use artificial tears for two hours prior to attendance at the Ocular Surface
Laboratory.
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Ethical Considerations

The trial was carried out in accordance with the ethical principles that have their origin in the
Declaration of Helsinki, ISO 14155:2011, Good Clinical Practice (GCP), and International
Conference on Harmonisation (ICH) guidelines. Only the procedures described in the protocol and
approved by University of Auckland Human Participant Ethics Committee (UAHPEC) were
performed. All historical data and study observations were entered on the appropriate case report
forms (CRFs). All CRFs are retained for six years after study completion and de-identified electronic
data are retained indefinitely, as per UAHPEC approval.

6.5.1 Informed Consent Process
Prior to the initiation of study-related activities, all participants were allowed sufficient time to
thoroughly read the participant information sheet (Appendix E) and written consent (Appendix F)
form that explained the study purpose, outcome measures, data privacy, inclusion/exclusion criteria
and IPL safety. Any questions were answered, and the original signed consent form was retained,
independently of the data. Participants were free to withdraw from the trial at any time without
having to give a reason, in accordance with the requirements of the ethics committee.

6.6

Research Methodology

6.6.1 Clinical Study Design
This was a prospective, randomised, double-masked (investigator-masked and participantmasked), placebo-controlled, non-paired eye trial. Eligible participants were randomised to the
treatment or control arm of the study according to a prospectively generated randomisation list
created with randomisation software, and were assigned their active or sham treatment by a thirdparty independent investigator at the Ocular Surface Laboratory according to the schedule outlined
below:
•

Visit 1 (Day 1): consent and screening for eligibility, baseline ocular surface status evaluation
(by masked investigator, AX), followed by treatment allocation according to the predetermined
randomisation schedule and Day 1 IPL treatment (administered by an independent unmasked
clinician)

•

Visit 2 (Day 15 ± 3 days): review (by masked investigator, AX) followed by Day 15 IPL treatment
(by independent, unmasked clinician)

•

Visit 3 (Day 45 ± 6 days): review (by masked investigator, AX) followed by Day 45 IPL treatment
(by independent, unmasked clinician)

•

Visit 4 (Day 75 ± 7 days): review (by masked investigator, AX) followed by Day 75 IPL treatment
(by independent, unmasked clinician)
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Visit 5 (Day 105 ± 7 days): review only (by masked investigator, AX)

Features of the tear film and ocular surface were characterised by the primary investigator using
the following standard clinical techniques:
•

Grading of DED symptoms using McMonnies, Ocular Surface Disease Index (OSDI), Standard
Patient Evaluation of Eye Dryness (SPEED), and Symptom Assessment iN Dry Eye (SANDE)
DEQs

•

Examination of the anterior eye with a slit lamp biomicroscope

•

Evaluation of the tear film (meniscus height, lipid quality, stability), bulbar hyperaemia and
meibography with the Keratograph 5 (K5M) (Oculus, Wetzlar, Germany)

•

Clinical evaluation of tear osmolarity with the TearLab device (TearLab, San Diego, USA)

•

Evaluation of the ocular surface quality with Lissamine green and sodium fluorescein clinical
dyes

•

Evaluation of meibomian gland expressibility with Korb Meibomian Gland Evaluator (Johnson
and Johnson, North Carolina, USA)

•

Eyelid swabs and lash epilation for microbiological analysis and confirmation of Demodex
infestation respectively

•

Evaluation of inflammatory and neuromediator biomarkers from conjunctival impression
cytology samples (EyePrim, Paris, France)

•

Evaluation of corneal and lid margin sensitivity by non-contact aesthesiometry (SDZ
Electronics, Auckland, NZ)

•

Evaluation of corneal nerve density in the sub-basal nerve plexus and lid margin structure with
in vivo confocal microscopy (HRT III with anterior segment module)

•

Evaluation of lipid composition from whole tear samples (in collaboration with researchers at
University of New South Wales, Australia)
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Schematic diagram of IPL study protocol.

Device Application:
Participants were fitted with metal goggles, any exposed facial moles/hair stubble/birthmarks in the
treatment zone were covered with reflective white adhesive dots, and the participant was asked to
close their eyes. Clear conducting gel was applied to the cheek area adjacent and below the goggle
on both sides (Figure 6.2). In the treatment groups, 4 or 5 overlapping pulses were delivered to the
upper cheek area on the right and left sides (Figure 6.3). In the control group, participants
underwent identical preparation, but a non-illuminated handpiece was applied to the treatment zone
(Figure 6.2), while, the active IPL handpiece was directed towards the corner of the room (not
directly at the skin/eye) from a position close to the participant, to provide sufficient illumination and
the appropriate device sounds to deceive the participant into believing treatment could have been
performed.
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Figure 6.2

IPL application during active (left) and sham (right) treatment.

Figure 6.3

IPL application during 4 Flashes (left) and 5 Flashes (right) treatment.

Clinical Visits:
Participants attended for their first visit (Day 1) of approximately 1.5 hours, at the Ocular Surface
Laboratory located in the University of Auckland Grafton Campus. Clinical assessments were
performed sequentially, from least to most invasive in order, as outlined in Table 6.1. On successful
screening, a second independent investigator confirmed assignment of the subjects to the active
or control arm of the study according to the randomisation schedule, and applied the appropriate
treatment. Follow-up reviews to assess the majority of outcome measures were performed by the
primary investigator at the end of Week 2 (Day 15 ± 3), Week 6 (Day 45 ± 6), Week 10 (Day 75 ± 7)
and Week 14 (Day 105 ± 7). In consideration of visit length, measurement of subsection of the
battery of tests was performed on a more limited schedule (not at every visit) as described in
Table 6.1. Full ocular health status was assessed on study entry and reconfirmed at the exit exam.
After study completion and unmasking, participants randomised to the control group were eligible
to undergo four IPL treatments as per study protocol, but without collection of research data, as a
condition of the ethics approval.
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Summary of clinical visits to the Ocular Surface Laboratory.

Assessments

Day 1

Day 15

Day 45

Day 75

Day 105

x

x

x

x

x

x

x

Informed consent

x

Medical and ophthalmic history

x

Prior / concomitant medications

x

Fitzpatrick skin typing

x

IPL contraindications checklist

x

Symptoms: McMonnies

x

Symptoms: OSDI

x

x

x

x

x

Symptoms: SPEED

x

x

x

x

x

Symptoms: SANDE

x

x

x

x

x

Best corrected visual acuity

x

Tear meniscus height

x

x

x

x

x

Tear lipid layer grade

x

x

x

x

x

Tear stability

x

x

x

x

x

Conjunctival bulbar hyperaemia

x

x

x

x

x

Tear osmolarity

x

x

x

x

x

Tear evaporation rate

x

x

x

x

Tear sample collection for lipidome
analysis (n ≥ 20)

x

x

x

Biomicroscopic examination

x

x

x

x

x

Lash epilation for Demodex sampling

x

Meibomian gland expressibility

x

Ocular surface staining

x

Meibography

x

Central corneal sensitivity

x

x

Lid margin sensitivity

x

x

Swab sample for microbiology testing

x

x

Corneal in vivo confocal microscopy

x

x

Lid margin in vivo confocal microscopy

x

x

Impression cytology

x

x

x
x
x

x
x

x
x

x
x
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Intraocular pressure

x

x

Posterior eye exam

x

x

Randomisation

x

IPL treatment

x

x

x

x

Adverse events (± reporting)

x

x

x

x

Report other therapy use

x

x

x

x

6.6.2 Clinical Techniques
Dry Eye Symptoms:
Patient history is commonly used by eye care professionals to diagnose and grade the severity of
DED.60-62 In order to standardise the process, TFOS DEWS and DEWS II recommend the
administration of validated symptom questionnaire(s).25, 30 This ensures consistent characterisation
and allows monitoring of disease progression, as well as response to therapy. Currently available
self-administered DEQs evaluate elements of visual disturbance or ocular discomfort associated
with dry eye, and their impact on quality of life.420-429 McMonnies (MQ),424, 426 the Ocular Surface
Disease Index (OSDI),423, 425 the Symptoms Analysis iN Dry Eye (SANDE)425, 427 and the Standard
Patient Evaluation of Eye Dryness (SPEED)428, 429 questionnaires were administered to score DED
symptoms at baseline. The MQ was used for screening purposes only, while SANDE was included
for its ease of use as a visual analogue scale. The OSDI (preferred outcome measure), SANDE
and SPEED DEQs were selected as the questionnaires to be administered throughout the study to
compare patient symptoms longitudinally between treatment and placebo groups at the start of
each clinical visit, on the basis of their application and validation, as described in the literature.

McMonnies Questionnaire: MQ (Appendix G) comprises 14 questions that assess demographic
background (gender and age), primary and secondary (due to environmental stimuli) ocular surface
symptoms, previous and current DED treatments, dryness of mucosal membranes (throat/mouth
or vagina), and associated systemic conditions (Sjögren’s syndrome, arthritis, thyroid issues). 430
The MQ provides a global index of DED status, and highlights important risk factors for DED with
good sensitivity and specificity.424, 431 However an investigation by Nichols et al. was less favourable
about MQ’s psychometric properties as an instrument for use in longitudinal studies, but the authors
concluded MQ possessed fair reliability and validity as a patient-reported screening DEQ.422 For
this study, a tallied MQ score at screening of <10 was considered normal, 10-20 borderline DED,
and >20 pathological DED.

Standard Patient Evaluation of Eye Dryness: SPEED (Appendix H) is a validated and repeatable
questionnaire developed by Blackie et al.420 to assess and monitor the frequency and severity of
patient symptoms.429 The eight items of the questionnaire utilise a four-point Likert scale, and the
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summary of the scores (referred to as the SPEED score) can range from 0 to 28. Supplementary
questions in the SPEED survey gather information on participant’s current history of artificial
lubricant use, as well as their diurnal and long-term symptom changes over the course of past three
months. In this study, DED was defined as symptomatic if the SPEED score was ≥6.

Ocular Surface Disease Index: OSDI (Appendix I) is one of the most widely used questionnaires
for assessing and monitoring DED status in clinical and epidemiological research.423 The OSDI is
composed of 12 questions that measure frequency of visual disturbance (blurred or poor vision),
visual related quality of life (problems reading, driving at night, working on a computer, or watching
TV), and environmental triggers that may exacerbate DED symptoms. The questionnaire uses a
five-point Likert scale, and the calculated scores can range from 0 (no disability) to 100 (complete
disability). Miller et al. defined scores in the range of 13-22 as mild DED, 23-32 as moderate DED,
and 33-100 as severe DED.432 For the purposes of this study, participants who scored above 12 on
OSDI and/or above 9 on MQ were considered eligible to participate.

Symptoms Analysis iN Dry Eye: SANDE (Appendix J) uses two linear visual analogue scales (VAS)
to rapidly assess DED symptoms.433 It was included in this study as a monitoring instrument
because it has been validated previously against the OSDI425 and was found to be more sensitive
at discriminating differences in symptoms between visits in the pilot IPL trial.275 The first question
relates to DED symptom frequency and asks the subject to best represent how often they
experience ocular discomfort by placing a cross on the line at the appropriate point of the 100 mm
horizontal VAS which is anchored at one end with “rarely” and the other end with “all the time”. The
second question relates to symptom severity, with is rated by marking another 100 mm VAS that is
anchored by “very mild” and “very severe”.427

Best Corrected Visual Acuity:
In this study, high contrast distance best corrected visual acuities (BCVAs) were recorded for each
eye as a safety measure using a standardised ETDRS LogMAR visual acuity chart under normal
lighting conditions in a four-metre room. The lowest line which the patient was able to read with
each eye monocularly with their current spectacle correction was considered the BSCVA. While
transient visual blur is one of the most common complaints reported by dry eye patients, increased
blinking and extended viewing times can improve outcomes on Snellen or ETDRS visual acuity
charts, such that individuals may still record normal best corrected visual acuity (BSCVA) and
contrast sensitivity on conventional testing, hence was not included as a study outcome measure.27
The transient blurred vision is believed to result from aberration dynamics which arise when the
tear layer is unstable.434
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Slit Lamp Biomicroscopy:
Classical signs of blepharitis including lid margin oedema and erythema, as well as lash debris,
were detected and graded by slit lamp biomicroscopy under diffuse illumination with a Takagi SM70N biomicroscope (Takagi Seiko Co., Nagano, Japan) set at 10X magnification. The following
ocular structures were evaluated for pathology: eyelids, meibomian glands, conjunctiva, cornea,
anterior chamber and lens. If the exam revealed disorders listed in the exclusion criteria (e.g.
corneal dystrophies or scarring), evaluation was not continued further at this point. An ocular health
check, which involved measuring intraocular pressures (IOP) and a dilated fundal exam, was
performed immediately after research data had been gathered as a safety measure, to confirm no
alteration occurred as a result of study participation, at the start (on Day 1) and at the conclusion
(on Day 105) of the study.

Eyelid Morphology:
Chronic obstructive MGD induces various morphological changes at the lid margin, and several
classification schemes have been published in literature to score these abnormalities.184, 206, 419 For
this study, the following ocular features were graded between 0 and 3 based on the Efron scale435
in 0.5 increments (Table 6.2):
•

•

Lashes
-

Dry flakes crusting (Staphylococcal)

-

Greasy scales crusting (seborrheic)

-

Cylindrical collarettes crusting (Demodex)

-

Madarosis

-

Poliosis

-

Trichiasis/misdirected lashes

Lid margin
-

Thickening

-

Rounding

-

Irregularity/notching

-

Foam in tear meniscus

-

Surface telangiectasia

-

Meibomian gland capping

MG capping refers to the visible blockage of the gland orifice. It may appear to be plugged by
opaque meibum and/or the cap may be keratinised.419 In combination with aging, MGD causes the
loss of lid margin architecture, with typical features being observed as telangiectasia, rounding,
epithelial ridging between MG orifices, and formation of concretions within the acini.184

105

PART III

Table 6.2

CHAPTER 6

Classification system used to grade lash and lid margin changes.435
Grade

Severity

0

None

1

Mild

2

Moderate

3

Severe

Meibomian Gland Expression and Quality:
It has been reported that as the viscosity of meibum increases in MGD, so too does the level of
ocular discomfort.42 To standardise the assessment of meibomian gland function, Korb and Blackie
developed the clinical hand-held, Korb Meibomian Gland Evaluator (Korb MGE; Johnson and
Johnson, USA). The device (Figure 6.4) applies gentle pressure to the lower eyelid comparable to
that of a deliberate or forced blink (1.25 g/mm2), and the number of meibomian glands yielding
liquid secretion (MGYLS) when expressed by this instrument has been shown to correlate with DED
symptoms.194 To calculate the MGYLS index, five consecutive MGs in each third (temporal, central,
and nasal) of the lower eyelid were expressed and the number of MGs that yielded visible meibum
upon application was enumerated at the slit lamp biomicroscope. To perform this procedure
described as “diagnostic expression” in distinction from “therapeutic expression”, the Korb MGE
was placed one millimetre below the inferior lash line and with the spring at maximum compression,
a stable pressure was applied to the nasal, central and temporal regions. After 10 seconds, the
glands that expressed meibum were recorded in the manner described by Korb and Blackie
(Table 6.3).194, 436 The qualitative appearance of the expressed meibum was also graded from 0-4
according to the scale developed by Bron et al. (Table 6.4).78

Figure 6.4

Korb meibomian gland evaluator used to express MGs of the lower eyelid.
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MGYLS scoring system used to evaluate meibum expressibility.

Gland Number

Right Eye
Nasal

Central

Left Eye
Temporal

Nasal

Central

Temporal

0
1
2
3
4
5
Total Score

Table 6.4

Grading system used to evaluate expressed meibum quality.
Grade

Meibum Quality

0

Clear, fluid-like

1

Cloudy

2

Granular

3

Thick

4

Waxy

Lid-parallel Conjunctival Folds:
Lid-parallel conjunctival folds (LIPCOF) are microfolds in the inferior nasal and temporal quadrant
of the bulbar conjunctiva, parallel to the lower lid margin, and are believed to represent the early
stages of conjunctivochalasis.48 The incidence of LIPCOF does not appear to be age-related,52 but
severity is associated with decreased mucin production.50 Pult et al. found LIPCOF was significantly
correlated with incomplete blinking,437 as well as blink speed,48 lid wiper epitheliopathy50 and tear
film viscosity.48 Studies have shown increased LIPCOF grades are more commonly associated with
DED.51, 438 Pult et al. reported that the sensitivity of the LIPCOF Sum score (sum of nasal and
temporal LIPCOF scores) in discriminating between normal and symptomatic DED patients was
70%, and the specificity at 91%.50, 438 Similarly, Nemeth et al. found their LIPCOF grading system
displayed medium sensitivity and specificity, and good positive predictive value.51 As a diagnostic
tool, both studies advocate the implementation of LIPCOF test as a simple and non-invasive test.

Temporal and nasal LIPCOF scores were recorded during each visit of the clinical trial prior to the
application of ocular surface dyes with the aid of a slit lamp microscope at 25X magnification, and
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findings were graded using the scheme developed by Höh et al.,52-439 which was later refined by
Pult et al.440 This classification system ranges from 0-3, corresponding to the number of permanent
individual folds situated adjacent the posterior lid margin during primary gaze (Table 6.5).

Table 6.5

LIPCOF grading scheme by Pult et al.440

Grade

Conjunctiva in the Primary Eye Position

0

No conjunctival folds

1

One permanent and clear parallel fold

2

Two permanent and clear parallel folds, (normally <0.2 mm)

3

More than two permanent and clear parallel folds, (normally >0.2 mm)

6.6.3 Tear Assessments
6.6.3.1 Meniscometry
Abnormal MG function leads to increased aqueous evaporation from the ocular surface, resulting
in a loss of tear film homeostasis, and is considered a key pathogenic mechanism in the
development of evaporative DED.42 Although tear meniscus measurements predominantly reflect
the patient’s lacrimal gland function (i.e. decreased aqueous production),441 subtle changes in tear
meniscus height (TMH) may be expected to alter in response to tear evaporation levels, and to
improve after MGD therapy secondary to restoration of ocular surface homeostasis.25 Since the
majority of fluid reserve which supplies the precorneal tear film is contained within the menisci, 120
TMH is considered to be the most direct approach to study tear film volume. During this IPL trial,
TMH was measured with the aid of digital callipers, from an image captured by the Oculus
Keratograph 5 (K5M; Oculus, Wetzlar, Germany) under infrared illumination. While TMH shows
good diagnostic accuracy and correlations with other DED tests, 441,

442

its subjectivity is

acknowledged as it is operator dependent. To minimise variability that might potentially occur in
measurement, the following steps were strictly adhered to at each visit:
•

The participant’s head was positioned so that their forehead was against the forehead bar and
chin was firmly in the chin-rest

•

The instrument was aligned with the central cornea while the participant observed the red
fixation dot within the K5M

•

On aligning the K5M to obtain a focussed image, a digital still photograph was captured, from
which the online measurement tool was used to measure (three times) the central inferior tear
meniscus height

•

The average of the three measurements was taken as the TMH
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6.6.3.2 Interferometry
When the superficial tear film lipid layer is exposed to adequate broadband illumination, it generates
an interferometric fringe pattern from the incident light due to the differences in refractive index
between the two layers, which allows the thickness of the lipid layer to be estimated.90 Guillon et al.
developed a portable clinical interferometer that became marketed as the Tearscope (Keeler,
Windsor, UK), from which it was possible to grade lipid layer thickness and quality on the basis of
the different interferometric fringe patterns that could be visualised.198, 443 This helped to establish
interferometry as a simple, non-invasive diagnostic technique for characterising DED subtypes in
a clinical setting. In the current IPL trial, the tear lipid pattern was video recorded at the 1.4X
magnification setting on the K5M under white light illumination, and then categorised into one of six
numerical gradings, based on function first described by Craig et al. (Table 6.6). 90, 443, 444

Table 6.6

Lipid layer grading scale and corresponding tear film lipid layer pattern.
Grade

Tear Film Lipid Layer Pattern Observed

0

Absent

1

Open meshwork

2

Closed meshwork

3

Waves/flow

4

Amorphous

5

Coloured fringes

0

Abnormal colours

6.6.3.3 Non-Invasive Tear Breakup Time
Tear breakup time (TBUT) measurement is the clinical correlate of tear film stability, a homeostatic
parameter altered in both ADDE and EDE.23, 42 Commonly practised is the fluorescein-assisted tear
break up time (FTBUT), but the action of instilling fluorescein is inherently invasive, destabilising
the precorneal tear film and significantly shortening the TBUT.314, 445-447 Therefore, reports from
TFOS DEWS and DEWS II recommend the use of non-invasive techniques to assess tear stability
and guide DED severity classification.25,

307

Non-invasive measurement typically involves the

observation of an illuminated grid or placido pattern projected onto the tear film, and the detection
of a disruption in the specular reflection when the patient refrains from blinking. 448 Non-invasive
measurements typically result in longer values of TBUT than evaluations involving fluorescein
instillation,313, 447, 449, 450 and with improved discriminability.450

The K5M provides a measurement of the break up time, described as the non-invasive keratograph
breakup time (NIKBUT), that reflects the period between a blink and the first appearance of a
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discontinuity in the placido disk images reflected from the anterior ocular surface when blinking is
inhibited.451 By mapping locations of tear film destabilisation over time, the K5M assesses tear film
stability in an automated and objective manner.452 In keeping with good clinical research practice,
a standardised protocol was followed to maximise the consistency in tear film stability measurement
at each visit:
•

The participant’s head was positioned so that their forehead was against the forehead bar and
chin, in the chin-rest

•

While keeping both eyes open, the non-measured eye was covered with a cupped hand (not
in direct contact with the eyelids), to reduce the risk of early break up in this eye that could
interfere with the assessment of the partner eye

•

The instrument was aligned with the central cornea while the participant observed the red
fixation dot within the K5M

•

On aligning and focussing the instrument according to the on-screen instructions, the
participant was requested to blink twice, and then to refrain from blinking during measurement

•

The time to first breakup was recorded by the K5M device

•

This procedure was performed three times in total, and the values transferred to the CRF

•

An average value was calculated for the purpose of statistical analyses after three consistent
time measurements were collected, i.e. within approximately 5 seconds of each other

6.6.3.4 Bulbar Conjunctival Hyperaemia
Redness is one of the classic signs of inflammation (that include rubor, calor, dolor, and tumor),
and inflammation is a recognised component of DED pathophysiology.23 Therefore bulbar
conjunctival hyperaemia is considered a clinical index of ocular surface inflammation. The K5M was
used to objectively quantify bulbar conjunctival hyperaemia from a digital still image of the eye
illuminated under white light. Inbuilt software allows hyperaemia to be graded at each visit to one
decimal point on a 0-4 scale (K5M JENVIS grading system).

6.6.3.5 Repeatability of Primary Outcome Measures
The discordance between signs and symptoms of DED is well documented in the literature, 27, 453,
454

and contributing to this discrepancy may be the shortcomings in the repeatability of ocular

parameters, especially when observed using traditional objective clinical measures for DED, such
as fluorescein assisted TBUT, which are often not standardised and subjective.455-457 Therefore
TFOS DEWS and DEWS II strongly advocates the implementation of non-invasive tear film
assessments for greater diagnostic repeatability.25, 30 In particular are automated systems that allow
for an objective assessment of the undisturbed tear film, which has been shown to demonstrate
superior discriminative ability in detecting DED.450 Furthermore, the development of modern
technology such as the Oculus Keratograph instrument (K5M) used in this study has shown
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acceptable inter-visit and intra-visit repeatability for measurement functions such as conjunctival
bulbar redness,458-460 NIKBUT451, 461 and LLG.452, 462, 463 Therefore, there is a body of evidence in
literature to support the reliability and repeatability of the K5M for the assessment of dry eye
parameters.

6.6.3.6 Tear Osmolarity
Tear hyperosmolarity is a key component in the pathogenesis of DED, and a contributor to the dry
eye “vicious cycle” and the inflammation that ensues.23 It has been reported to be the single best
objective diagnostic indicator of DED and severity classification.43, 464, 465 A decrease in osmolarity
post-IPL treatment could signify a return to homeostasis. Tear osmolarity was measured in this
study using the TearLab osmolarity system (San Diego, CA, USA). After confirming instrument
calibration (daily, prior to first examination), a sterile test card was placed on one of the two handheld probes. The test cards house a disposable polycarbonate microchip with an embedded gold
electrode. The nib of the test card was dipped into the inferolateral tear meniscus without touching
the ocular surface, allowing extraction of 50 nl of fluid by capillary action (Figure 6.5). The probe
was then returned to the base unit, and the on-screen card value adjusted to match that on the
disposable test card (a calibration requirement). Based on the principle of electrical impedance, the
TearLab docking station analysed the sample and provided an output in the units of mOsm/L. Left
and right eye measurements were recorded for consideration of the higher osmolarity value and
interocular difference, which were then used for statistical analyses.43 Mild, moderate and severe
DED can be stratified on the basis of the osmolarity measurement, which ranges from
270-400 mOsm/L for the TearLab system.43, 317, 466, 467 In general, values less than 312 mOsm/L are
considered normal, while osmolarity readings greater than or equal to 312 are considered indicative
of DED (sensitivity = 72.8%, specificity = 92.0%).43 Currently, the global consensus quoted in the
TFOS DEWS II Diagnostic Methodology report is a diagnostic cut-off for osmolarity in the worse
eye of ≥308 mOsm/L and/or an interocular difference of >8 mOsm/L.25

Figure 6.5

Measuring tear film osmolarity using TearLab osmolarity system.
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6.6.3.7 Ocular Surface Staining
Instillation of water-soluble dyes is a standard and convenient clinical approach used to highlight
the presence of superficial epithelial defects on the ocular surface. The distribution of corneal and
conjunctival punctate staining of the exposed eye is a feature used extensively in the diagnosis and
monitoring the success of DED management, thus various grading systems have been developed
to enable consistent recording of staining severity.30 There is some differing opinion in the literature
about the cellular mechanisms which underpin the staining observed with fluorescein (NaFl). Some
researchers support the view that NaFl staining is an indication of compromise to the structural
integrity of viable epithelial cells, i.e. uptake across a disruption to the superficial cell tight
junctions,468 the plasma membrane or the surface glycocalyx. 25, 203 While others believe that NaFl
highlight sites of “micro-pooling” from the space left by epithelial cell shedding, 469 that cells
themselves stain with NaFl due to transcellular uptake of dyes.468, 470 Several studies have also
demonstrated physiological NaFl hyper-fluorescence exist in normal cornea due to cellular
desquamation being part of epithelium turnover.471-473 In contrast, Lissamine green (LG) is believed
to only stain dead and devitalised epithelial cells,203, 474, 475 and cells in which the plasma membrane
is damaged irrespective of the presence of mucin.474, 476 Therefore in the context of DED, it is not
unsurprising that staining pattern between the two dyes have shown poor correlation.477
For this study, the tip of a NaFl (Haag-Streit Diagnostics, Koeniz, Switzerland) or LG (GreenGlo™,
Hub Pharmaceuticals LLC, USA) ophthalmic strip was moistened with one drop of sterile buffered
saline, then the lower eyelid was pulled down and the strip tapped onto the lower tarsal conjunctiva
with the intent of not inducing reflex tearing. During NaFl application, a minimal volume (1 to 2µl)
was instilled by shaking off excess dye from the strip prior to instillation,311 while the full drop of LG
dye, after allowing several seconds for uptake of dye by the saline drop, was applied to the lower
fornix without removing the excess.311 Afterwards, the participants were instructed to blink naturally
several times to distribute the vital dyes, without forced closure of the eyelid. After allowing the
clinical dye to remain on the eye for at least 30 seconds, the appearance of the ocular surface was
imaged using K5M within one minute (NaFl) to four minutes (LG) following instillation. Then five
corneal and six conjunctival regions (Figure 6.6) were graded using the Oxford Schema, and the
sector scores summed for each eye.311 The nasal conjunctival regions were imaged by asking the
subject to look temporally, and the three temporal zones were imaged while subjects looked
nasally. The Oxford Schema consists of five panels illustrating punctate dots which increase on a
log scale between grades (Table 6.7). The Oxford staining score range from 0-25 for the cornea,
and 0-30 for the bulbar conjunctiva. A single observer performed data collection on all participants
to promote consistency of instillation and measurement technique throughout the trial.
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Figure 6.6

Five corneal and six conjunctival regions graded using the Oxford Schema.

Table 6.7

Oxford Schema for grading ocular surface staining.311

Panel

Grade

Criteria

A
0

Equal to or less than panel A

B

1

Equal to or less than panel B, greater than A

C

2

Equal to or less than panel C, greater than B

D

3

Equal to or less than panel D, greater than C

E

4

Equal to or less than panel E, greater than D

>E

5

Greater than E
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6.6.3.8 Lid Wiper Epitheliopathy
The lid wiper region describes the area of marginal tarsal conjunctiva on the upper and lower eyelid
that is in direct contact with the globe and helps spread fluid over the ocular surface upon
blinking.189 It has been proposed that lid wiper epitheliopathy (LWE) is a result of tear instability and
thinning of the film, causing frictional force to act upon the lid wiper region and microtrauma to the
cells that may lead to secondary inflammation. 210 With Lissamine green dye in place, areas of
devitalised cells on the upper and lower eyelid wiper area (visible on lid eversion) can be observed.
Korb et al. have recognised that LWE is frequently present alongside symptomatic DED when other
routine clinical signs are not.49 One study observing contact lens related DED noted LWE in 80%
of symptomatic patients, but in only 13% of asymptomatic patients. 478 For this study, the extent of
LWE present on the upper and lower eyelids were evaluated according to Korb’s grading scale
(Table 6.8).49, 210, 211

Table 6.8
Grade

Grading system used to evaluate lid wiper epitheliopathy.49
Horizontal length of staining

Sagittal width of staining

0

< 2 mm

< 25%

1

2 – 4 mm

25 – 50% of the width of wiper

2

5 – 9 mm

50 – 75% of the width of wiper

3

≥ 10 mm

≥ 75% of the width of wiper

6.6.3.9 Tear Lipid Analysis
In 1997, Craig and Tomlinson demonstrated, in vivo, that an intact tear film lipid layer (TFLL),
regardless of its thickness, protected against aqueous evaporation and tear film instability.90 The
TFLL can be divided into two segments: an outer hydrophobic nonpolar layer that is believed to
retard aqueous tear evaporation, and an inner polar layer that is thought to promote stable
spreading of the TFLL over the mucoaqueous phase.479 The physical properties of the tear film
appear to be intimately linked to the chemical and molecular lipid composition of the TFLL. 120, 178
MGD can impact the lipid composition of the TFLL, altering its structural and dynamic properties,
and thereby compromising its role in maintaining ocular surface homeostasis. 480 The pilot IPL study
found that NIKBUT measurements and TFLL grades increased significantly in the treated eye, but
not in the control eye.

Whilst the reason for this is not fully understood, tear film stability

improvement appeared to be cumulative.275

Therefore, it may be hypothesised that in observing improvement in tear film stability and tear lipid
layer grade, IPL could be effecting a positive change in the meibum lipid composition. To test this
theory, a sample of non-reflex tears (up to 10µl) was collected from a subgroup of participants from
the placebo and treatment groups. This was performed non-invasively with a 5 μl glass Drummond
microcapillary placed at the edge of the inferior tear meniscus of each eye in turn for a maximum
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of five minutes (Figure 6.7), then tear fluid was transferred to a microcentrifuge tube using an
aspirator. The collected tear sample was subsequently spun at 4°C, 10,000 rpm for 10 minutes to
remove any cellular debris prior to storing in a 300 µl glass-insert HPLC vial. Whole tear samples
that were collected at baseline (Day 1) and on completion of the study (Day 105) were prepared for
subsequent lipid composition analysis in association with collaborators at the University of New
South Wales in Australia. The laboratory methodology for tear sample analysis described in
Chapter 7 is based on the 2013 study by Brown et al.99

Figure 6.7

Collecting basal tears from the inferior meniscus with glass microcapillary tubes.

6.6.3.10

Meibography

Structural changes in the MGs can be observed clinically with infrared meibography.184 Non-contact
meibography, which is more patient-friendly than conventional transillumination techniques, was
first reported by Arita et al. in 2009, and has become more widely available in the clinical setting.186,
481

Gland dropout (apparent loss of acinar tissue), truncation, distension and tortuosity are common

features in MGD, and whether these features have the potential to be altered by IPL treatment
remains to be established. MG dropout relative to expected area of coverage within the tarsal plate
in the upper and lower everted eyelids was graded according to Pult’s Meiboscale (Figure 6.8),218
from a digital infrared image captured by the K5M which contains an infrared filter and an infrared
charge-coupled device video camera. A contrast enhancing algorithm within the K5M software
helps further accentuate the glands against background palpebral tissue that is devoid of MGs.482
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Figure 6.8

Pult’s Meiboscale used to evaluate meibomian gland atrophy.218

6.6.3.11

Non-contact Aesthesiometry

A reduction in ocular surface sensitivity is a recognised clinical sequela of chronic DED,483 and the
palpebral conjunctival sensitivity appears to be more sensitive than corneal sensitivity when
assessing dry eye.484 However, the effect of IPL on the peripheral nerve supply that surrounds the
MGs has yet to be explored. Sensitivity measures are recognised to reflect functional changes in
the nerves,485 therefore the evaluation of the sensitivity of local ocular regions was deemed to be
warranted in this study. Central corneal and lower lid margin sensitivity thresholds were determined
by non-contact air-jet aesthesiometry486 (NCCA; SDZ Electronics, Auckland, NZ) at baseline and
on completion of the trial, in an attempt to identify whether changes in neural activity in the region
local to IPL application had occurred. An intermittent, barely susceptible flow of air was used to
determine threshold sensitivity via a forced-choice double-staircase method.487 Sensitivity
thresholds were measured in a quiet room without distractions, using a 0.9 second stimulus
duration and a standardised 10 mm working distance from the ocular site. Sensitivity was measured
at the centre of the cornea (corneal sensitivity threshold) and at the central lower eyelid margin
while rolled slightly outward with a cotton bud (lid margin sensitivity threshold). For comfort and
minimal disruption to subsequent measurements, participants were asked to blink frequently, and
the lid margin was released to normal position between stimulus presentations. This helped avoid
artificially drying out the ocular surface, which may dampen sensitivity threshold.

6.6.3.12

In vivo Confocal Microscopy

In vivo confocal microscopy (IVCM) provides a non-invasive means of evaluating signs of ocular
surface damage in DED at a cellular level in the living eye.488-490 Corneal signs of DED may include
reduction in epithelial cell density, increased inflammatory cell density (dendritic cells), as well as
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adverse nerve changes such as decreased sub-basal nerve density, increased tortuosity and
increased number of bead-like formations.489 When used to observe the MGs, IVCM has shown
potential as a tool for revealing histologic features underlying the clinically observed dropout of
MGs.490-493 These morphological changes include decreased glandular acinar density, increased
acinar unit diameter, increased acinar orifice diameter, and increased meibum secretion
reflectivity.490 To determine whether IPL effects cellular changes in the course of treating MGD, the
Heidelberg Retinal Tomograph (HRT) III with Anterior Segment Module (Heidelberg Engineering
GmbH, Heidelberg, Germany) was used to image the central cornea and inferior eyelid margin on
days 1 and 105. The HRT III contains a 670 nm red wavelength diode laser source and possesses
an objective lens (63X immersion) with a working distance of 0.0 to 2.0 mm. The images produced
using the HRT III are 400 μm x 400 μm in size, with a quoted optical section thickness of 4 μm and
transverse resolution of 2 µm.

Image Acquisition: Before each examination, a drop of 0.4% benoxinate hydrochloride (Bausch &
Lomb, iNova Pharmaceuticals, Australia) was instilled in the conjunctival fornix of the right eye. The
objective lens was covered by a disposable polymethacrylate sterile cap (Tomo-Cap; Heidelberg
Engineering GmbH). Viscotears (Carbomer 980, 0.2%; Novartis, North Ryde, NSW, Australia) was
used as a coupling agent between the applanating Tomo-Cap and the cornea. To image the central
cornea of the right eye, participants were asked to fixate on a target that was positioned to allow
examination of the central cornea. The full thickness of the central cornea was scanned in 2 μm
increments using the “section mode” of the device. IVCM images of the sub-basal plexus were
saved as JPEGs for subsequent analysis. The total duration of in vivo confocal examination was
approximately 10 minutes. IVCM examination was performed at baseline and on Day 105 (one
month following final IPL application).

To image the MGs, participants were instructed to fixate on a superiorly located target while their
lower eyelid was lightly everted until the flattened edge of the Tomo-Cap was perpendicular to the
area of interest (Figure 6.9). The centre of the Tomo-Cap was positioned within the central third of
the eyelid margin near the mucocutaneous junction, while focus was manually adjusted with the
microscope in the acquisition modality “section mode”. Imaging began at the level of the most
superficial tissues and progressed to the deepest level that could be visualised with satisfactory
resolution. This procedure was repeated for the nasal and temporal eyelid marginal areas by slowly
moving the device across the lid surface.
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Performing in vivo confocal microscopy (IVCM) on meibomian glands of the lower
eyelid. A: IVCM setup to image the central cornea. B: Image of meibomian gland
tissue captured using IVCM technique. C: Applanating Tomo-Cap onto the lightly
everted lid margin.

Image Analysis: For each variable of interest, three non-overlapping, high-quality digital images
(400μm x 400μm frame) were analysed using the software programme Image J (National Institutes
of Health, USA) with the NeuronJ plug-in. For the cornea, sub-basal nerve fibre density was
assessed by measuring the total corneal nerve length per square millimetre. 494 Using the same
image set, dendritic cells were manually marked and quantified as cellular density per unit area.495
For the lid margin, acinar units were manually marked within the frame to calculate the density per
unit area, and the diameters of each acinus were manually measured along the longest axis.490, 496
Meibum secretion reflectivity was also graded 1-4 using the scale developed by Villani et al.
(Table 6.9).497
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Grading scale used to evaluate secretion reflectivity within meibomian gland acinar
units in IVCM images.497

6.6.3.13

Grade

Colour of Secretion

1

Black

2

Dark grey

3

Light grey

4

White

Lash Epilation for Demodex Evaluation

The presence of microscopic mites D. folliculorum and D. brevis is described as ubiquitous, with
reported colonisation rates in humans ranging from 20 to 70%.162, 168, 498, 499 Prevalence is reported
to increase with age162, 500 reaching 100% in patients aged 70 years and older. 501 Whilst these
obligatory ectoparasites have traditionally been viewed as non-pathogenic commensals,
demodicosis has in recent decades been implicated as a significant contributor to facial
inflammatory lesions and to ocular surface disease in some individuals.163,

165, 166, 168

Clinical

observations and case-control studies support the belief that the presence of Demodex within lash
follicles and/or MGs propagates MGD by exacerbating lid margin keratinisation and meibum
stagnation.166 Skin infestation is highest on sebaceous zones around the face because Demodex
feed on sebum, keratin, bacteria and nutrients from the hair roots. 164 Blepharitis is thus considered
to provide a favourable environment for mite colonisation.166, 168, 502 In all phases of their life cycle,
D. folliculorum and D. brevis are believed to be more active at night, otherwise burrowing into
pilosebaceous units to avoid light.164,

503

Due to their recognised photosensitivity, it had been

postulated that IPL may effect a reduction in the level of demodicosis and thereby help explain
ocular benefits following the treatment. While this appeared not to be a direct mechanism of action
according to the ex vivo study conducted and reported in Chapter 5, as previously noted, there may
be in vivo effects that could indirectly cause a reduction in Demodex presence. To investigate this,
Demodex presence was compared between baseline (Day 1) and again following 3.5 months of
IPL treatment (Day 105). Up to four lashes were carefully epilated by fine forceps from the upper
eyelids of each eye and placed on glass microscope slides. The modified method described by
Gao et al. was followed to ensure consistent sampling.233 This procedure involved observing the
eyelids under blue slit lamp illumination, eyelashes with cylindrical dandruff were targeted because
cylindrical crusting has been regarded to be pathognomonic of Demodex infestation.410 Selected
lashes were slowly rotated for 20 seconds before epilation with the intention of disturbing the mites
and encouraging their emergence from hair follicles. Adult mites (identified as possessing four pairs
of stumpy legs)370 were identified with standard transmission microscopy at 200X (Leitz Diaplan,
Wetzlar, Germany) and the presence or absence of Demodex was noted, as well as the infestation
rate (number of mites per lash).
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Eyelid Swabbing for Microbiological Evaluation

Normal MG lipids possess antimicrobial properties that are effective against both Gram-positive
and Gram-negative bacteria, thus forming part of the innate host defence mechanism in protecting
the lid margin against microbial pathogens.129 However, meibum stagnation that occurs in
obstructive MGD may limit the effect, allowing bacteria to overpopulate the ocular adnexa. The
increased bacterial lipases released from such over-colonisation of commensals alters meibum
lipid composition and contributes to destabilisation of the TFLL.23, 42, 68, 146-148, 150, 155, 205 In this way,
the resulting inspissated secretion contributes to the self-propagating “vicious cycle” of MGD.42, 155

To investigate whether clinical improvements post-IPL were related to a change in the lid margin
microbiome, swabs were collected using a sterile cotton-tipped applicator moistened with sterile
buffered saline. During upwards gaze, the applicator was wiped along the inferior lid margin of the
right eye from the medial to the lateral aspect three times. A firm, even pressure was applied while
the applicator was slowly rolled and wiped along the margin of the eyelid. The swabs were placed
immediately into Amies transport medium (Fort Richard Laboratories, Auckland, NZ) and processed
the same day. Swabs were collected at baseline (Day 1) and at the exit exam (Day 105) for all
participants. Subsequent anaerobic and aerobic microbiological evaluation was performed by a
dedicated, independent laboratory (LabPlus, Auckland, NZ). The total number of colony forming
units (CFUs) was enumerated for each cultured sample, and attempts were made to identify and
quantify the different microbial colonies to at least the genus level.

6.6.3.15

Impression Cytology for Analysis of Ocular Surface Biomarkers

A close relationship has been established between nerves and MGs in many species of mammal. 94
Some nerves are observed to interact with the MGs directly while others interact with the
vasculature that supplies the glands.94 It is possible that this nerve architecture could be a target of
IPL treatment for MGD. Stimulation of the glands either by direct innervation, or by increased blood
flow within the surrounding vasculature might be expected to translate to an increased flow of
meibum and easing of DED symptoms. To investigate this hypothesis, the messenger RNA
(mRNA) levels of several neuropeptides associated with MG neurobiology were examined.

As stated in Chapter 1, ocular surface inflammation is recognised within the current consensus
disease definition as a key aetiological driver of DED, whether intrinsically, or as a downstream
event.6 Quantification of inflammatory biomarkers associated with DED can assist with stratification
of disease severity,504-508 and could facilitate monitoring of the treatment response to IPL. It is well
established that in DED, elevated levels of inflammatory mediators such as interleukin-8 (IL-8), IL6, IL-1α, IL-1β, IL-12, tumour necrosis factor-alpha (TNF-α), interferon-gamma (INF-γ), and enzyme
matrix metalloproteinase-9 (MMP-9) are expressed,509, 510 while a reduction in the expressed levels
of mucin 5AC (MUC5AC) by goblet cells occurs.511
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Quantitative real-time polymerase chain reaction (qPCR) is a highly sensitive technique and
currently considered the “gold standard” method for quantifying gene-expression of biomarkers.512
It targets mRNA that codes for these molecules,513 firstly by isolating mRNA from the sample of
interest, then using it as the template to amplify the signal by synthesising complementary DNA
(cDNA).514 Subsequent PCR is performed in the presence of a fluorescent probe, which is detected
by the fluorometer within the analysis system.515 The method of sample collection, RNA extraction
and qPCR analysis used in this study have been validated and optimised to produce acceptable
results by Ganesalingam et al.516 Absolute and relative quantification against a reference gene are
two methods used to measure target gene expression, 513 and this protocol is described in detail in
Chapter 7.

Sample Collection: Bulbar conjunctival epithelial cells, from the inferior temporal ocular surface,
were collected by impression cytology for each participant with a dedicated sterile single-use device
demonstrated in Figure 6.10 (EYEPRIM™, OPIA Technologies, France), at baseline (Day 1) and
at 3.5 months post-IPL treatment (Day 105). Contamination from the investigator’s gloved hands
and collection tools was limited by application of RNaseZap® (Thermo Fisher Scientific) to all
relevant surfaces prior to patient interaction. Instillation of one drop of 0.4% benoxinate
hydrochloride (Bausch & Lomb, iNova Pharmaceuticals, Australia), in the right eye, facilitated
sample collection by impression cytology. Ganesalingam et al. have demonstrated that nonpreserved anaesthetic eyedrops do not adversely affect the IC sample and subsequent PCR
analysis.516,

517

The membrane of the hand held EYEPRIM™ device was exposed, by gently

depressing the trigger on the end of the device, and applied to the inferior bulbar conjunctiva during
upward gaze. After 3 to 5 seconds, the membrane was withdrawn from the ocular surface and, with
the membrane edge grasped between RNase-free forceps, the in-built ejection mechanism of the
EYEPRIM device was deployed to release the membrane. The membrane containing the
conjunctival cells was then immediately inserted into an RNase-free Eppendorf tube containing 1
ml of TRIzol® (Thermo Fisher Scientific), with full immersion into the reagent ensured. The
Eppendorf tubes housing the cell samples were immediately capped and stored at -80°C until
further laboratory analyses. This collection method using the EYEPRIM™ has demonstrated
favourable repeatability and effectivity relative to conventional conjunctival impression methods, is
highly suited to application in the clinical setting, and is compatible with qPCR.518, 519
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Figure 6.10

EYEPRIM™ impression cytology device used in the IPL clinical trial to collect
epithelial cells from the inferior temporal bulbar conjunctiva.

6.7

Statistical Analyses

Statistical analysis was conducted with IBM SPSS Statistics (Version 25, SPSS, USA, http://www01.ibm.com/software/analytics/spss/) and GraphPad Prism (Version 6.02 and 7.03 for Windows,
GraphPad

Software

Inc.,

USA,

http://www.graphpad.com/scientific-software/prism/).

The

distributions of all continuous variables were assessed using the Kolmogorov-Smirnov normality
test. Where normal distributions had been confirmed, comparisons of continuous variables between
and within treatments were performed using repeated measures two-way analysis of variance (RMANOVA), then followed by multiplicity adjusted Tukey's or Dunnett’s post-hoc analysis. Nonnormally distributed measurements (e.g. non-invasive tear break-up time) underwent logarithmic
transformation or were converted to rank-values before further analysis, and ordinal data were
converted to rank-values prior to undergoing appropriate analysis. Categorical data at baseline
were analysed using the Chi-squared or Fisher’s exact tests. All tests were two tailed, and a p value
less than 0.05 was considered significant. Data are presented as mean ± standard deviation (SD),
or median (interquartile range, IQR) unless otherwise stated.
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CHAPTER 7. LABORATORY MATERIALS AND
METHODS
7.1

Background

7.1.1 Tear Film Lipidome
Important biophysical properties of the human tear film such as stability, spreading and evaporation
rate are intimately linked to the molecular composition of the lipid layer (TFLL).

109, 169, 520

As

discussed in Chapter 1, the internal structure of the TFLL is divided into two bilayers: an outer shell
composed of nonpolar lipids and intercalated proteins such as lipocalin, lysozyme and mucins. 169,
521

The outer bilayer is in contact with the ambient air and constitutes over 90% of the TFLL

thickness.191 Various studies have researched the composition of the outer layer, which include
nonpolar lipid classes like diglycerol (DAG), triacylglycerol (TAG), free cholesterol (Chol),
cholesteryl esters (CEs), wax esters (WEs), and diesters.104,

105, 191, 522

In contrast, the inner

amphiphilic layer is predominantly made up of polar lipids: (O-acyl)-omega-hydroxy fatty acids
(OAHFAs), phospholipids (PLs), and free fatty acids (FFAs). 104, 105, 191, 522 PL species that have been
reported in literature as having been detected in humans include phosphatidylcholine (PC),
phosphatidylethanolamine

(PE),

phosphatidylserine

(PS),

sphingomyelins

(SM),

lysphosphatidylcholines (LPC), and lysophosphatidylethanolamine (LPE).169 This inner polar layer
facilitates the spreading of the TFLL across the mucoaqueous interface, thus is believed to play an
important role in maintaining tear film stability.169, 521 Interestingly, studies have found the meibum
lipid profile is not completely analogous to that of the TFLL. 99, 100 There is a noticeable increase in
the molar ratio of PL compounds in the tear film when compared to MG secretion.99 It has been
suggested this may be due to the presence of PL derived from other sources, such as the
conjunctiva, cornea, lacrimal gland and cellular debris.523 In addition, normal microbiota of the
eyelid margin produce lipolytic exoenzymes that can degrade lipids in the TFLL. 169 Thus overcolonisation of ocular bacteria in patients with chronic blepharitis, particularly pathogenic strains,
initiate detrimental biochemical changes to the tear film.147,

148, 155

Alterations to the TFLL

biochemistry are considered a crucial step in the pathogenesis of evaporative dry eye (EDE).42, 101,
172, 180, 524

In order to gain a fuller understanding of the therapeutic effect of periocular IPL therapy,

the tear lipidome of a subset of participants from the placebo and treatment groups was compared.
The series of experiments described in Section 7.2 aimed to characterise the mole percentages of
various lipid classes in whole tear samples collected at baseline and 3.5 months after designated
treatment allocation.
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7.1.2 Ocular Inflammatory and Goblet Cell Function Biomarkers
Ocular surface inflammation can be both a cause and consequence in any subtype of dry eye
(DED), promoting the perpetuation of DED in a “vicious circle” of inflammatory sequelae.23, 42, 525-528
Evaporative water loss initiates hyperosmolar tissue damage that activates an acute innate immune
response from resident ocular surface cells. Furthermore, intracellular signals stimulate the
adaptive inflammatory pathway to propagate a cascade of mediators which promote epithelial and
goblet cell apoptosis to further destabilise the tear film. 529 The dysregulation of both immune
systems contributes to chronic inflammation and can amplify the severity of DED.530, 531 A common
aim amongst researchers has been to quantify inflammatory and goblet cell function biomarkers
and track their levels of expression in response to novel therapy. For this study, three ocular
biomarkers were chosen to best reflect the status of homeostasis in DED: matrix metalloproteinase9 (MMP-9), interleukin-6 (IL-6), and mucin 5AC (MUC5AC). Their fundamental roles as molecular
and cellular mediators in the pathogenesis of DED are detailed below.

Matrix metalloproteinases (MMPs) are endopeptidases involved in the breakdown of extracellular
matrix during normal physiological processes. In response to hyperosmolar stress from DED,
MMP-1, MMP-3, MMP-9 and MMP-13 have been detected in the corneal epithelium.532 Results
from knockout models implicate MMP-9 as having a central pathogenic role,533 with these proteases
modulating the influx of inflammatory cells to the ocular surface, either through regulation of barrier
function, or by upregulating cytokine/chemokine activity. Cytokines are small proteins secreted by
cells to mediate intercellular communication. As noted earlier, desiccation stress activates
intracellular signalling pathways within ocular surface epithelium to upregulate the production of
inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1 (IL-1), tumour necrosis factor-
(TNF-) and transforming growth factor-1 (TGF-1).143, 329, 534 Previous studies consistently report
increased levels of IL-1, IL-6, TNF- and TGF-1 in the tears collected from patients with DED.143,
329, 534

These proinflammatory mediators trigger the apoptotic death of goblet cells,145 which is

reflected by decreased levels of mucin 5AC (MUC5AC) in the tear film, 535 immune-fluorescence
staining of conjunctival impression samples,23 and expression of conjunctival MUC5AC messenger
RNA (mRNA).536 Decreased expression of the surface-bound mucin, glycocalyx, likely forms the
basis of epitheliopathy staining observed in DED. Such goblet cell loss compromises corneal
surface wettability, leading to a shorter tear breakup time and thus amplifying or initiating
hyperosmolar damage that contributes to the self-perpetuating “vicious circle” of DED.

For this study, impression cytology (IC) was used to collect superficial cells from the bulbar
conjunctiva by employing the EYEPRIM™ IC device (OPIA Technologies, France) and the aid of
topical anaesthetic eye drops. The ocular drug has been confirmed by Ganesalingam et al. not to
affect either the yield or quality of RNA extraction.516, 517 Adherent IC cells are processed using
quantitative polymerase chain reaction (qPCR) technique refined and validated by Ganesalingam
et al.516 to elicit subtle changes in the mRNA expression of two inflammatory mediators (MMP-9,
IL-6) and one goblet cell produced protein (MUC5AC) at baseline and Day 105. The aim of this
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next series of experiments described in Section 7.3 was to investigate whether IPL therapy can
significantly up or down regulate the production of biomarkers for inflammatory status or goblet cell
function. The theory is that photothermolysis may close off telangiectatic vessels in the periocular
zone to restrict leakage of proinflammatory mediators such as MMP-9 and IL-6 to the ocular
surface. The basis for this proposition is IPL’s well-established application in the field of
dermatology as an effective method of decreasing facial telangiectasias arising from several
chronic inflammatory disorders.295, 537-539 Furthermore, if IPL is able to adversely affect blepharitis
related bacteria, it may secondarily reduce the inflammation associated with over-colonisation of
ocular microbiome. As stated already, Craig et al.’s pilot IPL study confirmed restoration of tear film
homeostasis through positive effects on tear film stability and TFLL thickness. It is not inconceivable
that levels of MUC5AC mRNA expression could have been upregulated as a result of improved
goblet cell function and contributed to these observations.540, 541

7.1.3 Ocular Neuropeptide Biomarkers
To date, the extent of the role that neuronal regulation plays in meibum release has not been fully
elucidated, however, a close relationship has been observed between the nervous system and
MGs in many mammalian species.94 What has been uncovered in recent years, is that some nerves
interact with the MGs directly, while others interact with the vasculature that supplies the glands. 94
Sensory neurons from the ophthalmic and maxillary regions of the trigeminal ganglion 542 are
responsible for mediating pain associated with mechanical, chemical and thermal heat stimulation
at the ocular surface.543, 544 Approximately 10 to 15% of the corneal sensory neurons are cold
receptors, which help to maintain surface moisture by stimulating basal tear production and
blinking.545 In a reflex manner, these sensory neurons evoke the autonomic sympathetic and
parasympathetic nerves that regulate secretion from the main lacrimal gland. Researchers suspect
sensory nerves may influence the function of MGs in a similar manner due to their role as receptors
for detecting sensation at the lid margin.546-548 Human neuropeptides known to modulate MG
sensory innervation include calcitonin gene-related peptide (CGRP)549,

550

and Substance P

(SP).549, 551 The literature also substantiate a predominantly parasympathetic innervation of the
MGs, supplied by the pterygopalatine ganglion.552 In humans, vasoactive intestinal polypeptide
(VIP) appears to be a neuromediator closely associated with periocular parasympathetic
neurons,553-555 and may have a direct influence on the meibocytes and MG epithelial cells.556 Lastly,
the source of periocular sympathetic nerves is the superior cervical ganglion, 542 these fibres are
predominantly associated with vascular elements of the MGs and therefore is believed to indirectly
regulate glandular function.550, 557 Research on primate species found that sympathetic nerves were
immunoreactive for the following neuropeptides: dopamine beta-hydroxylase, tyrosine hydroxylase
and neuropeptide Y.550, 557 In summary, a dense network of nerve fibres originating from different
sources influence MG function through direct and indirect activity.
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Optical stimulation techniques that include optogenetic methods, photoactive molecule approaches
and infrared neural stimulation (INS) have been shown to be capable of manipulating the behaviour
of neuronal cells in animal models and in vitro experiments.367 While imperfectly understood, the
therapeutic potential of INS has been particularly emphasised over the last decade. This is because
INS is believed to directly activate neural tissue through transient heating of water, without any
need for tissue modification, or the introduction of exogenous light-responsive materials. As
confirmed by the characterisation experiment in Chapter 4, the IPL system discharges near infrared
wavelengths within its spectrum during operation, therefore the trigeminal ganglion may be an INS
target during periocular application. Thus, it is possible that IPL radiation could directly interact with
the nerves which regulate the MGs, or stimulate the local vasculature, or both. To investigate
whether changes in neuropeptides occur in response to treatment, mRNA expression of
neuropeptides from participants in the active and inactive arms of the IPL trial were compared. If
changes were to be detected, it may lend support to optical neural stimulation from IPL being a
possible mechanism of action for MGD relief. In this exploratory analysis, three specific
neuromediators; vasoactive intestinal polypeptide (VIP); calcitonin gene-related peptide (CGRP);
and substance P (SP), were selected as biomarkers365 due to their association with MG
neurobiology, and their mRNA levels quantified using the qPCR-based technique described for
inflammatory biomarkers. In the literature, the presence of nerves immunoreactive for VIP, CGRP
and SP have already been demonstrated for human MG or MG vasculature via enzymehistochemical methods,94 thus raising the chance of success in detecting changes in these
biomarkers during the qPCR experiment.

7.2

Lipidome Study Design

7.2.1 Sample Collection
Tear collection was carried out by the masked investigator on Day 1 and Day 105 of the IPL trial
from a selected subset of the participant pool. Participants were chosen at random by consecutively
asking subjects whether they consented to this additional procedure in the order they were enrolled
in the IPL trial until at least 20 individual samples were collected. This method resulted in a total of
approximately 22 pre- and post-IPL samples from subjects in the active-treatment group and shamtreatment group. As described in Section 6.6.3.8, participants were instructed to tilt their head
towards one side, then a glass microcapillary tube was gently placed at the lateral canthus taking
care not to induce reflex lacrimation (Figure 6.7). Both eyes were sampled during each exam and
a minimum of 5 µl of basal tears was collected over a maximum time period of ten minutes.
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7.2.2 Laboratory Protocol
Tear lipid extraction was performed using the methodology of Brown et al.99 In brief, a 265 µl aliquot
of the following pre-made mixture was added to each 300 µl glass-insert HPLC vial containing 5 µl
of tear sample:
•

50 μl internal standard mix

•

60 µl methanol (MeOH), including 0.01% butylated hydroxytoluene (BHT) to prevent lipid
oxidation

•

200 μl methyl-tert butyl ether (MTBE)

The internal standard mix contained a combination of ceramide (Cer) and PL standards (Avanti
Polar Lipids, Alabama, USA); CE and WE standards (Nu-Chek Prep, MN, USA); DAG and TAG
standards (CDN isotopes, Quebec, Canada); as well as an OAHFA standard. Table 7.1 outlines
the internal standard mix per sample.

Table 7.1

Lipid concentration per sample of internal standard mix.

Lipid Classes

Concentration per Sample (pM)

Cer 17:0

50

CE 13:0

400

DAG 17:0

50

D5TAG (D5 triacylglycerol) 48:0

50

LPC (lysophosphatidylcholine) 17:0

50

LPE (lysophosphatidylethanolamine) 14:0

200

OAHFA 18:1/16:0

100

PC (phosphatidylcholine) 19:0/19:0

250

PE (phosphatidylethanolamine) 17:0/17:0

250

PS (phosphatidylserine) 17:0/17:0

250

SM (sphingomyelins) 18:0/12:0

50

WE 18:1/18:0

650

Samples were mixed thoroughly on an orbital shaker at low speed for 30 minutes at room
temperature. An addition of 100 µl of aqueous ammonium acetate (0.7 M) was made to each
sample, which was vortexed and centrifuged at 2000g for ten minutes at 4ºC to promote phase
separation. Approximately 200 µl of the upper nonpolar phase was carefully removed, without
disturbing the lower polar phase, then inserted into a new 300 µL glass-insert HPLC vial. The
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extracted organic layer was dried under a stream of nitrogen at 37ºC and reconstituted with 100 µl
of methanol and chloroform (2:1 vol/vol) containing 5 mM ammonium acetate.

Tear lipidomes were characterised using chip-based electrospray ionisation tandem mass
spectrometry (TriVersa Nanomate; Advion, Ithaca, NY) as previously described by Brown et al. 99
Samples for each participant, obtained on Day 1 and Day 105 were measured in pairs, on the same
day, to reduce uncontrollable variations caused by equipment calibrations and tuning. Mass
spectrometry data were processed with LipidView (AB SCIEX) software version 1.1, and after
isotope correction, ionised lipids detected with a signal-to-noise ratio over 5 were included in the
analysis. Lipid species detected in the tear samples were quantified by comparison of the peak
area to their class-specific internal standards.

7.2.3 Statistical Analysis
To standardise the data for individual variation in lipid concentration, the mole percentage of each
lipid species with respect to total lipidome was calculated after absolute quantification. The
distributions of lipidomics data were assessed using the D’Agostino-Pearson omnibus normality
test. Lipidome data remained non-normally distributed even after logarithmic transformation
(p > 0.05), therefore Wilcoxon matched-pairs signed rank test was used to assess whether the mole
percentage of each lipid class in the sample varied after placebo and IPL treatment relative to
baseline values. Data analyses were performed using GraphPad Prism (Version 7.04, GraphPad
Software Inc., USA), and a p value < 0.05 was considered statistically significant.

7.3

Biomarkers of Inflammation, Goblet Cell Function and

Neuromediator Study Design
7.3.1 Sample Collection
Impression cytology (IC)541 was carried out on all 86 participants who successfully completed the
IPL trial for the purpose of assessing inflammatory markers and goblet cell function
(Section 3.3.2.4) and neuromediators (Section 3.3.2.2). Bulbar conjunctival cells from the inferior
temporal ocular surface were collected using the EYEPRIM™ IC device at baseline (Day 1) and
final review (Day 105). The sample collection protocol described in Section 6.6.3 was followed, with
the decontamination steps performed before the start of each IC collection process to limit
contamination from external ribonuclease (RNase) that would interfere with mRNA expression
analysis.
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7.3.2 Laboratory Protocol
Laboratory experiments were carried out in an area dedicated exclusively to PCR work, to prevent
external RNase contamination, using only RNase-free certified filtered pipette tips and autoclaved
Eppendorf tubes. Prior to commencing all laboratory analyses, gloved hands, lab bench surfaces,
centrifuges, tube racks and pipettes were cleaned with 70% ethanol solution, followed by
RNaseZap® (Thermo Fisher Scientific).

7.3.2.1.

DNase Preparation

Lyophilized PureLink™ DNase I (Life Technologies) was resuspended in 550 µl RNase-free water
and 100 µl aliquots were stored at -20°C. Prior to RNA extraction, DNase I reaction mixture was
prepared accordingly, with the reagents outlined in Table 7.2.

Table 7.2

Reagents used to prepare PureLink® DNase I reaction mixture for RNA extraction.

Reagent

Concentration

Volume (μl)

10x DNase I Reaction Buffer

10x

8

Resuspended DNase

3 U/μl

10

RNase-free Water

1.3x

62

Total Volume/Sample

-

80

7.3.2.2.

RNA Extraction

PureLink® RNA Mini Kit (Invitrogen™ by Life Technologies) was used to extract and purify RNA
according to the manufacturer’s instructions. IC samples frozen in TRIzol® were allowed to thaw at
room temperature (RT) before phase separation began by incubating the samples for five minutes
at RT in order to allow complete dissociation of the nucleoprotein complexes. Chloroform aliquots
(200 µl) were pipetted into each tube before shaking vigorously by hand for 15 seconds. Samples
were incubated at RT for 3 minutes before centrifugation at 12,000g (Qik-Spin QS7000) for 15
minutes at 4°C. Approximately 570 µl of the colourless upper aqueous phase was carefully
transferred to a new Eppendorf tube and an equal volume of 70% ethanol was added. The mixture
was vortexed for five seconds, before being transferred (600 µl at a time) to a spin cartridge and
centrifuged at 12,000g for 15 seconds at RT. The column was then washed with 350 µl of Wash
Buffer I under same centrifugation conditions. Flow-through was discarded each time and the
bound RNA subjected to on-column DNase I treatment.

Eighty microlitres of pre-prepared PureLink® DNase I mixture was pipetted onto the surface of the
spin cartridge membrane and incubated at RT for 15 minutes. This was followed by a wash step
with Washer Buffer I (350 µl), followed by two further steps with Washer Buffer II (500 µl). Flow129
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through at each wash step was discarded after centrifuging at 12,000g for 15 seconds, then the
remaining substrate in the spin cartridge was spun for one minute at 12,000g to remove residual
washer buffer. To elute RNA bound to the membrane, 80 µl of RNase-free water was pipetted onto
the centre of the column and allowed to incubate for one minute at RT. This was followed by one
minute of centrifugation at ≥12,000g into an RNase-free recovery tube. The yield of purified RNA
contained within the recovery tube was analysed using a NanoDrop™ Nucleic Acid
spectrophotometer (NanoDrop™ 2000C, Thermo Fischer Scientific). RNase-free water was used
to zero the instrument prior to loading the pedestal with 1 µl of RNA per measurement, and sample
type analysis was set at RNA-40 constant. RNA volume (ng/µl) for each sample was calculated
from an average of two consistent readings before samples were stored at -80ºC until inhibition
assay.

7.3.2.3.

RNA Integrity Analysis

Two samples from each batch of RNA extraction were used as a representative selection for
retrospective RNA quality analysis. The technique was performed with the Agilent 2100 Bioanalyzer
(Agilent Technologies; Santa Clara, CA, USA). All RNA samples were heat-denatured by incubating
the products at 70°C for two minutes prior to electrophoretic separation (as recommended by RNA
6000 Nano and Pico Chip Kit). The Agilent 2100 Bioanalyzer conducted Eukaryote Total RNA
assays with the following data evaluation algorithm settings:
•

Integration start time (seconds): 19

•

Integration end time (seconds): 69

•

Slope threshold: 0.6

•

Height threshold (fluorescence units): 0.5

•

Area threshold: 0.2

•

Width threshold (seconds): 0.5

•

Baseline plateau (seconds): 6

Samples with RNA integrity number (RIN) ≥ 7 were considered suitable for downstream analysis.

7.3.2.4.

Inhibition Assay

RNA extractions were tested for the presence of inhibitors via SPUD inhibition assay 558 before
undergoing complementary DNA (cDNA) synthesis. A SPUD master mix and no-template control
(NTC) master mix were prepared using the reagents listed in Table 7.3. Note the NTC did not
contain any SPUD template, but was replaced by an equal volume of PCR-grade water.
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Reagents used within the SPUD inhibition assay to test for the presence of
inhibitors in RNA extractions.

Reagent

Stock Concentration

Final Concentration

Volume/Reaction

SYBR 480 Master Mix

2x

1x

5 µl

SPUD Forward primer

10 µM

0.24 µM

0.24 µl

SPUD Reverse primer

10 µM

0.24 µM

0.24 µl

1 x 106

1 x 104

0.1 µl *(only for

copies/µl

copies/reaction

SPUD master mix)

PCR water

-

-

3.42 µl

Purified RNA sample

-

-

1 µl

Total Volume

-

-

10 µl

SPUD template

A total of 172 purified RNA samples from the IPL trial were assayed in duplicate, alongside three
controls, as outlined below:
•

An uninhibited control to demonstrate positive amplification in the presence of SPUD template,
primers and reaction buffers; in this control the RNA sample was substituted with 1 µl of PCRgrade water

•

An inhibited control to show SPUD amplification was impeded in the presence of an inhibiting
agent; this control had the RNA sample substituted with 1 µl heparin (4 U/µl)

•

An NTC to assure there was no contamination during experimental setup

QiAgility (Qiagen, Germany) enabled automated setup of each assay. The device was programmed
to pipette 9 µl of SPUD master mix and 9 µl of NTC master mix into designated tubes within a
rotor-disk 100. After adding 1 µl RNA sample/PCR-grade water/heparin into the appropriate tubes,
Gene-Disk Heat Sealer (Corbett Research) permanently heat-sealed the rotor-disk 100. Rotordisks were immediately inserted into the Rotor-gene 6000 Real-Time PCR Cycler (Corbett
Research) and run under the following cycling conditions (Table 7.4).

Table 7.4
Step 1

SPUD inhibition assay cycling conditions used in the Rotor-gene 6000.
Hold at 95°C for 10 minutes
Hold for 10 seconds at 95°C

Step 2
(40 cycles)

Hold for 15 seconds at 55°C
Hold for 20 seconds at 72°C
Acquiring data to Cycling A on channel green

Step 3

72°C to 95°C, rising by 1°C each step with a 5 second pause between each

(melt analysis)

step
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After the SPUD assay reached completion, the cycle threshold (Ct) was set to specify the take-off
point of amplification on a log scale. The quantification report produced by the Rotor-gene software
(version 2.1.0.9) automatically calculated the Ct value for each duplicate. One Ct greater than the
mean Ct value of the uninhibited control was used as the benchmark against which to confirm no
inhibitors were present in the purified RNA samples, i.e. all RNA Ct values had to be below this limit
to proceed to subsequent cDNA synthesis.

7.3.2.5.

Complementary DNA Synthesis

SuperScript™ IV VILO™ Master Mix (Invitrogen™ by Life Technologies) was used to synthesise
complementary DNA (cDNA) according to the manufacturer’s instructions in 20 μl reactions,
containing 100 ng of purified RNA (Table 7.5). If the volume of RNA containing 100 ng was >16 μl,
the maximum 16 µl of RNA template was added to the reaction, and the discrepancy accounted for
when cDNA was standardised to 1 ng/µl in the final qPCR experiment. cDNA preparations with “noRNA” and “no-reverse transcriptase” served as negative controls and were run in parallel with the
purified RNA samples.

Table 7.5

cDNA synthesis reagents, concentrations and volumes for a 20 µl complementary
DNA synthesise reaction.

Reagent

Final Concentration

RNA template

-

SuperScript™ IV VILO™ Master Mix

1x

PCR-grade water

-

Total Volume/Reaction

-

Volume/Reaction
100 ng (volume calculated from
NanoDrop™ concentration)
4 µl
Variable (volume calculated to
make up 20 µl reaction)
20 µl

Samples within each PCR tube were thoroughly mixed after all reagents were added and spun on
a mini-centrifuge at 2000g for 15 seconds at RT. The T100™ Thermal Cycler (BIO RAD
Laboratories) was used to incubate the samples using the cDNA synthesis protocol specified in
Table 7.6.

Table 7.6

cDNA synthesis protocol using reverse transcription PCR.
cDNA Synthesis

Temperature

Time

Priming

25 °C

10 minutes

Reverse transcription

42 °C

1 hour

Reverse transcription inactivation

85 °C

5 minutes
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Confirm cDNA Synthesis

A standard PCR with Beta-actin as the target gene was performed to confirm cDNA synthesis.
Complete nucleic acid sequences of primers used in the 25 µl reaction are listed in Table 7.7. A
positive control was formed by replacing the cDNA template with 1 µl of HCEC gDNA, and an NTC,
by substituting 1 µl of PCR-grade water.

Table 7.7

PCR reagents, concentrations and volumes for a standard 25 µl PCR reaction with
Beta-actin as the target gene.

Reagent

Stock

Final

Volume/Reaction

Concentration

Concentration

Beta-Actin Forward primer

10 µM

0.15 µM

0.375 µl

Beta-Actin Reverse primer

10 µM

0.15 µM

0.375 µl

Deoxyribose nucleoside

10 mM

0.2 mM

0.5 µl

PCR-grade water

-

-

19.2 µl

Taq Polymerase

5 U/µl

1.5 U/reaction

0.3 µl

Buffer

10x

1x

2.5 µl

cDNA template

-

-

1 µl

triphosphates (dNTP)

Total Volume

25 µl

The PCR was run using the T100™ Thermal Cycler programmed with the specifications outlined
in Table 7.8. Upon completion, samples were centrifuged at 2000g for 15 seconds at RT and stored
at 4ºC until gel electrophoresis was performed.

Table 7.8

T100™ Thermal Cycler PCR protocol.
Temperature

Time

94 °C

1 minute

Denaturation

94 °C

30 seconds

Primer annealing

55 °C

30 seconds

Primer extension

72 °C

30 seconds

Final extension

72 °C

7 minutes

Hold

4 °C

Infinity

Initial denaturation
35 cycles:
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Gel Electrophoresis

Agarose gels (1.5%) were created using 70 ml of 1x TBE (89mM Tris, 89mM Boric acid, 2mM EDTA
pH 8.0), 1.05g of agarose powder and 0.5 µl DNA binding dye (GelRed). Gels were cast with a
20-well comb and submerged in the electrophoresis tank with 1x TBE buffer. The first and last wells
of each gel were loaded with 2.5 µl of 1KB+ DNA ladder (Invitrogen Life Technologies), while the
remainder were loaded with 9 µl of PCR product and 1 µl of 10x loading dye (1% sodium-dodecyl
sulphate, 50% glycerol, 0.05% bromophenol blue). Electrophoresis voltage was set to a constant
100V and run until the bromophenol blue dye front approached three quarters of the gel length
(~1 hour). Gels were immediately imaged using the Bio-Rad Gel Doc instrument (BIO RAD
Laboratories) and Image Lab software under ultraviolet light B (302 nm peak).

7.3.2.8.

Quantitative Real-Time PCR

The Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE)
guidelines559 were followed as closely as possible to maximise the validity of the qPCR results.
cDNA samples were standardised to the RNA input equivalent of 1 ng/µl by adding appropriate
volume of PCR-grade water and stored at -80ºC until analysis. Aliquots of the standards were
prepared from purified PCR products at a stock concentration of 1 x 10 8 copies/µl and stored
at -20°C. For each qPCR run, the stock concentration was serially diluted ten-fold from 1 x 107
copies/µL to 1 x 102 copies/µl. Two internal calibrators, used to account for inter-run variations,560
were cDNA prepared from a sample of human conjunctival tissue and cDNA prepared from the
HeLa cell line.

Seven sets of reference genes were tested to determine the most stable reference gene expression
within the sample population (Appendix K): Beta-Actin, HPRT1, B2M, PPIA, TBP, GUSB, RPLP0
and POLR2A. Data were entered into the Normfinder algorithm (MOMA, Aarhus, Denmark) to
establish the most stably expressed reference genes.561 A normalisation factor was calculated from
the geometric mean of the two most stable reference genes in accordance with currently accepted
practice,561, 562 and genes of interest were quantified relative to this factor.

qPCR was performed using the reagents listed in Table 7.9 in 10 µl volume reactions, with
PrimeTime® Assays (Integrated DNA Technologies; Appendix K). The first three components listed
in Table 7.9 formed the pre-prepared master mix. The QiAgility® PCR robot loaded 9 µl of master
mix into all rotor-disk 100 tubes, then dispensed 1 µl of cDNA samples, serially diluted standards,
two internal calibrators and an NTC in technical duplicates. Afterwards, the rotor-disk 100 was
permanently heat-sealed before being processed in the Rotor-gene 6000 Real-Time PCR Cycler
following the protocol outlined in Table 7.10.
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PrimeTime® Assay reagents for reference and target gene quantification using
qPCR technique.

Reagent

Final Concentrations

Volume/Reaction

PrimeTime® Assay (20x)

1x

0.5 µl

LightCycler® 480 Probes Master (2x; Roche)

1x

5 µl

PCR-grade Water
cDNA (1ng/µl RNA equivalent)

2.5 µl
2 ng/reaction

Total Volume

Table 7.10

2 µl
10 µl

PrimeTime® Assay qPCR protocol for reference and target gene quantification.

Hold

95 °C

10 minutes

Denaturation

95 °C

10 seconds

Annealing, extension, and read fluorescence

58 °C

45 seconds

45 Cycles:

[Acquiring to cycling A on Green channel]

Upon completion, the Rotor-gene software (version 2.1.0.9) outlier removal tool eliminated samples
for which the fluorescence did not change by 2%. Auto-threshold function positioned the Ct line to
achieve the greatest R2 (indicating the most accurate standard curve), and values ≥0.99 were
considered satisfactory for calculating copy numbers. Reference gene data were entered into the
Normfinder algorithm to determine the two most stably expressed genes in order to calculate the
normalisation factor. The final expression data for genes of interest (IL-6, MMP-9, MUC5AC, VIP,
SP, CRGP) were normalised by this factor, then adjusted for inter-run variation to determine the
mean calibrated normalised relative quantity (CNRQ) values, and averaged between the duplicate
readings.

7.3.3 Statistical Analysis
The raw mean CNRQ data did not satisfy Kolomogorov-Smirnov test for normality. Therefore, data
were log transformed, to the satisfaction of the Kolomogorov-Smirnov test for normality and
homogeneity of variances (Levene’s test). Post-hoc parametric analyses were carried out on the
log transformed data to verify the difference of means. Paired samples t tests were applied to
baseline and exit exam data, while independent samples t tests were applied to assess differences
between treated and placebo groups. A mixed ANOVA was used to analyse the transformed data
with “treatment” and “time” considered as between-subjects and within-subjects factors
respectively. Separate statistical analysis was conducted for each target gene using IBM SPSS

135

PART III

CHAPTER 7

Statistics software (Version 25, SPSS, USA) and GraphPad Prism (Version 7.03, GraphPad
Software Inc., USA). A p value of less than 0.05 was considered statistically significant.
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CHAPTER 8. CLINICAL OUTCOMES AND DISCUSSION
8.1

Participant Demographics

8.1.1

Baseline Participant Profile

A total of 87 subjects met the inclusion criteria for this study after evaluation by the primary
researcher. All participants were assessed at the same location. The temperature and relative
humidity of the clinic room during the IPL trial are reported in Appendix L. A third independent
investigator designated participants into three study groups at the time of enrolment (according to
the pre-determined randomisation schedule) and performed their assigned therapy. Pre-treatment
characteristics of each study group are reported in Table 8.1. No significant differences were
observed in mean subject age, European ethnicity, female gender, McMonnies dry eye
questionnaire (DEQ) score or Fitzpatrick skin type between groups at baseline.

Table 8.1

Baseline characteristics of subjects randomised to Placebo, 4 Flashes and 5
Flashes treatment groups. Data are presented as mean ± standard deviation (SD),
or number of subjects (% of subjects).
Treatment
Placebo

4 IPL Flashes

5 IPL Flashes

(n = 30)

(n = 28)

(n = 29)

55 ± 14

48 ± 15

56 ± 17

(range, 26 to 76)

(range, 26 to 85)

(range, 21 to 82)

Female Gender

21 (70%)

19 (68%)

18 (62%)

0.80

European Ethnicity

25 (83%)

19 (68%)

23 (79%)

0.35

McMonnies DEQ Score

20 ± 5

19 ± 7

18 ± 7

0.38

Fitzpatrick Type I

0 (0%)

3 (11%)

2 (7%)

0.20

Fitzpatrick Type II

11 (37%)

5 (18%)

8 (28%)

0.28

Fitzpatrick Type III

11 (37%)

8 (29%)

15 (52%)

0.19

Fitzpatrick Type IV

8 (27%)

10 (36%)

4 (14%)

0.16

Fitzpatrick Type V

0 (0%)

2 (7%)

0 (0%)

0.12

Fitzpatrick Type VI

0 (0%)

0 (0%)

0 (0%)

>0.99

Variable
Age (years)

p
value
0.15
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Compliance and Adverse Events

Only one subject from the full cohort of 87 participants was unable to complete the trial and withdrew
due to pregnancy discovered midway through the study. At the exit exam, negative changes were
not detected in best corrected visual acuities or intraocular pressures for any of the treatment
groups. Furthermore, no participants suffered adverse events as a result of their treatment or
clinical assessment. All subjects reported they were compliant with the study exclusion criteria listed
in Section 6.4.2 for the entire 3.5 months.

Missing Data
At each time point, a small number of test items were unable to be administered to all 86 completing
study participants due to equipment failure at the time of the visit and/or declining of a specific test
by a participant because of subject’s physical limitations. Missing data comprised only a very low
proportion of cases and the study sample size never fell below the level required of the prospective
power calculations. For outcome variables where data points are missing i.e. n < 86, sample size
is mentioned with the analysis, and intention to treat analysis (using last observation carried
forward) was used during RM-ANOVA assessments.

8.2

Clinical Outcomes

8.2.1 Symptomology Results
Table 8.2 summarises the subjective self-reported rating of DED symptoms, conveyed as mean
OSDI, SPEED and SANDE DEQ scores across the various time points (Days 1, 15, 45, 75
and 105). Reported variables are the average measurements between participants’ right and left
eyes. After data were confirmed to be normally distributed (Kolmogorov-Smirnov test, p > 0.05),
two-way repeated measures analysis of variance (RM-ANOVA) assessed the effects of treatment,
time and interaction (treatment-by-time) and these findings are reported in Table 8.3. Multiplicity
adjusted Tukey's post-hoc analysis (Table 8.2) revealed subjects who received IPL therapy selfreported significant DED improvements compared to placebo participants, however there was no
therapeutic difference between the two active arms of the trial (4 IPL Flashes vs. 5 IPL Flashes).
Figure 8.1 illustrates the mean change in OSDI, SPEED and SANDE DEQ scores from baseline
values for the three study groups across subsequent data collection points.
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OSDI, SPEED and SANDE DEQ scores measured at Baseline, Days 15, 45, 75 and 105. Treatment (placebo, 4 IPL flashes, 5 IPL flashes)
was performed immediately following the baseline assessment, and at Days 15, 45, and 75. Data are presented as mean ± SD. Asterisks
denote statistically significant differences (p < 0.05).

Variable

OSDI

SPEED

SANDE

Placebo

4 Flashes

5 Flashes

Placebo vs. 4 Flashes

Placebo vs. 5 Flashes

4 Flashes vs 5 Flashes

Baseline

35 ± 16

28 ± 16

28 ± 20

p = 0.12

p = 0.15

p = 0.92

Day 15

35 ± 21

23 ± 17

24 ± 20

p = 0.02*

p = 0.02*

p = 0.93

Day 45

32 ± 18

25 ± 18

22 ± 16

p = 0.14

p = 0.03*

p = 0.52

Day 75

32 ± 23

18 ± 11

22 ± 17

p = 0.003*

p = 0.04*

p = 0.36

Day 105

31 ± 22

22 ± 18

21 ± 17

p = 0.04*

p = 0.03*

p = 0.85

Baseline

14 ± 5

12 ± 5

14 ± 5

p = 0.11

p = 0.49

p = 0.30

Day 15

14 ± 5

10 ± 5

12 ± 5

p = 0.005*

p = 0.08

p = 0.22

Day 45

12 ± 5

11 ± 5

10 ± 5

p = 0.28

p = 0.16

p = 0.75

Day 75

13 ± 6

9±4

10 ± 5

p = 0.008*

p = 0.03*

p = 0.37

Day 105

13 ± 6

9±5

10 ± 5

p = 0.006*

p = 0.04*

p = 0.31

Baseline

62 ± 17

61 ± 18

55 ± 23

p = 0.97

p = 0.50

p = 0.66

Day 15

62 ± 19

55 ± 24

44 ± 24

p = 0.39

p = 0.007*

p = 0.22

Day 45

55 ± 24

48 ± 22

40 ± 22

p = 0.42

p = 0.03*

p = 0.40

Day 75

54 ± 24

43 ± 23

39 ± 23

p = 0.17

p = 0.03*

p = 0.74

Day 105

50 ± 25

41 ± 23

41 ± 21

p = 0.26

p = 0.21

p = 0.99
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Table 8.3

Comparing the effects of treatment, time and interaction on OSDI, SPEED, and
SANDE DEQ scores.

Data are presented as p values. Asterisks denote

statistically significant differences (p < 0.05).
p value
Variable
Treatment

Time

Interaction

OSDI

<0.001*

0.16

0.98

SPEED

0.001*

<0.001*

0.92

SANDE

0.039*

<0.001*

0.24

A

B
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C

Figure 8.1

Change in OSDI (A), SPEED (B) and SANDE (C) DEQ score from baseline at Days
15, 45, 75 and 105 in each study group. Data are expressed as mean ± standard
error of the mean (SEM). Asterisks denote statistically significant intergroup
differences (*p < 0.05, **p < 0.01). Arrow indicates direction of improvement.

Comparison with Baseline
Comparisons of DEQ scores against baseline values within each treatment group were performed
using multiplicity adjusted Dunnett's post-hoc analysis within a RM-ANOVA model (Table 8.4). For
both active intervention arms, SANDE DEQ scores reduced significantly against baseline at nearly
all subsequent timepoints. SPEED DEQ scores improved significantly from baseline for 5 Flashes
from Day 45 onwards, and for 4 Flashes from Day 75 onwards. Regarding the OSDI score, no
significant difference relative to baseline was found for 4 Flashes except on Day 75, however
measurements from 5 Flashes showed significant decrease from baseline from Day 45 onwards.
Interestingly, the DEQ scores of placebo participants were significantly reduced from baseline on
Day 45 (SPEED score only), Day 75 (SPEED score only) and Day 105 (SANDE score only).
Possible reasons for this perceived improvement in DED symptoms, despite the participants
receiving sham treatment is discussed in Section 8.2.2.
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Table 8.4

Mean difference (reduction from baseline) for OSDI, SPEED and SANDE DEQ
scores. Asterisks denote statistically significant differences (p < 0.05).
Variable

Treatment

Day

Mean Difference

p value

15

0.3

0.987

45

2.4

0.006*

75

2.0

0.029*

105

1.8

0.050

15

1.7

0.087

45

1.3

0.306

75

2.9

0.001*

105

2.9

0.0009*

15

1.7

0.071

45

3.3

0.0001*

75

3.5

0.0001*

105

3.3

0.0001*

15

-0.3

>0.999

45

6.6

0.157

75

8.1

0.053

105

11.4

0.003*

15

6.2

0.242

45

12.7

0.002*

75

17.4

0.0001*

105

19.3

0.0001*

15

10.8

0.006*

45

15.2

0.0001*

75

16.7

0.0001*

105

14.6

0.0001*

15

0.5

0.998

45

2.8

0.604

75

3.3

0.453

105

3.6

0.360

Placebo

SPEED

4 Flashes

5 Flashes

Placebo

SANDE

4 Flashes

5 Flashes

OSDI

Placebo
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15

4.4

0.247

45

2.5

0.724

75

9.2

0.001*

105

4.7

0.193

15

4.5

0.207

45

6.0

0.049*

75

6.2

0.041*

105

7.1

0.015*

4 Flashes

5 Flashes

8.2.2 Effect of IPL on Dry Eye Symptoms
Three validated DEQs (OSDI, SPEED, SANDE) were employed to monitor the self-reported dry
eye symptoms of participants in the IPL trial. In the active intervention arms of the trial, 73% of
participants had improved from their baseline OSDI at Day 105. The mean units of improvement
exceeded the minimal clinically important difference432 by Day 75 for both groups and continued
until their exit exam (4 Flashes, 4.7 units; 5 Flashes, 7.1 units). Furthermore, a weak positive
correlation exists between baseline OSDI score and the change in OSDI score from baseline at
Day 105 (Pearson’s r = 0.225, p = 0.037), suggesting subjects who began the study with more
severe DED symptoms, and perhaps then with the greatest potential to improve, experienced
greater degree of ocular benefits after completing IPL therapy. Unexpectedly, 53% of placebo
participants also perceived an improvement from their baseline OSDI at the end of the trial with a
mean reduction of -3.6 units. However, this observed effect was below the minimal clinically
important difference (4.5 to 7.3 units) for mild to moderate disease.432 Placebo improvement, albeit
minimal, confirmed the use of a non-functional IPL handpiece (sham treatment) successfully
“deceived” the subjects. Moreover, perceived dry eye relief from this group as evidenced by the
results in Table 8.4 is likely the consequence of Hawthorne563, 564 and placebo effect.565 In short,
the Hawthorne effect describes the phenomenon of altered behaviour as a response to observation
and awareness of participating in an experimental study and can affect both the participant and the
researcher, hence the double-masked design of this current trial was implemented to minimise such
bias. Furthermore, patients with DED interested in participating in clinical trials are recognised to
be highly motivated to find new modalities to treat their chronic symptoms.289, 565 Primed with the
belief IPL is effective, or the fact they paid for the therapy in some clinical studies (whereas our
treatments were offered at no cost to reduce bias), subjects may have felt a true decrease in ocular
discomfort from the release of analgesic substances within their brain parenchyma.564 Therefore,
the best practice for investigating novel DED therapies, particularly if self-reported measures are a
primary outcome, is to include a placebo control.289
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Comparing the active study arms, the DEQ outcomes of OSDI, SPEED and SANDE scores indicate
there was variability in time to first significant difference amongst the treatment modalities, which
does not give clear evidence that 5 Flashes is more effective and efficient than 4 Flashes.
Furthermore, none of the data collection points observed significant differences in DEQ scores
between 4 and 5 Flashes. However, within each active intervention arm, comparisons of DEQ
scores against baseline values appeared to indicate 5 Flashes of IPL reached significant
improvement earlier than 4 Flashes, but the improvement in DEQ scores was not significantly
different between the treatment modalities. The mixed results suggest an extra IPL pulse placed
along the trigeminal nerve is unlikely to offer superior intensity of ocular benefits, but patients may
perceive cumulative symptomatic relief at a faster rate.

The cumulative attenuation of DED symptoms and potential for long-term relief is in agreement with
published retrospective chart reviews on IPL therapy, 286,
previous prospective

trials.275, 280, 283, 285, 286, 294, 300, 400

288, 294

and aligns with findings from

Compared to placebo control, participants in

the active intervention arms perceived statistically significant improvements to their ocular
discomfort that remained steady to Day 105, even though the treatment course concluded a month
prior. The significant and sustained reduction in DED symptoms achievable from a monthly
treatment might be perceived by some patients as an advantage compared to conventional warm
compress that needs to be performed daily to experience continued efficacy.221 Already, there is
some evidence in literature to suggest this may be the case. A prospective head-to-head study by
Yin et al.279 directly compared IPL to warm compress (control) in a group of patients with above
stage 1 disease according to the International Workshop on MGD.184 The authors observed both
IPL and the control significantly improved OSDI score, TBUT, MG dropout, meibum expressibility
and quality. However, only IPL significantly improved microstructures of the MGs (MG acinar
longest diameter, MG acinar unit density, and the positive incidence of inflammatory cells around
MG structures) when viewed under in vivo confocal microscopy. Another study by Arita et al.290
compared IPL therapy with subsequent therapeutic expression against standalone MG expression
(control) in a group of patients with refractory MGD. The researchers observed that IPL in
combination with MG expression significantly improved LLG from baseline, but not in the control
group. When the treatment modalities were compared, IPL with MG expression outperformed the
control treatment in improving LLT, NIBUT, TBUT, lid margin abnormalities, meibum quality,
SPEED score and NaFl ocular surface staining score.

In conclusion, the current IPL trial adds to the knowledge base that IPL as a standalone therapy is
safe and effective for the relief of DED symptoms. The symptom scores also suggest that
improvements are not immediately apparent and build up to become more appreciable by Day 75
and Day 105. This suggests the patient may require a series of treatments for improvements to
become more consistent, which is likely to be indicative of a cumulative effect rather than an
immediate one. In both the pilot study by Craig et al., as well as in this current study, variability in
results observed at earlier timepoints suggests that multiple sessions of IPL performed as an initial
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course may produce a superior outcome. Improvements in OSDI, SPEED, SANDE also appears to
be slowing between Day 75 and Day 105, but further studies over a longer period will be necessary
to procure evidence regarding whether further treatment would result in plateauing or continued
improvement.

8.2.3 Tear Film Parameter Results
Table 8.5 summarises the mean and median values of tear film lipid layer grade (LLG), non-invasive
keratograph breakup time (NIKBUT), tear meniscus height (TMH) and tear osmolarity. Nonnormally distributed continuous and ordinal data were converted to rank-values prior to statistical
assessment. Two-way RM-ANOVA for treatment, time and interaction effects are listed in
Table 8.6, only LLG was significantly different between the three study groups.

Multiplicity adjusted Tukey's post-hoc analysis (Table 8.7) revealed there was no difference
between the three study groups at baseline or at Day 15. However, by Days 45, 75 and 105, LLG
distribution improved in IPL treated groups relative to placebo control (p < 0.05). No significant
difference was detected between participants assigned to the two active arms of the trial. While
median LLG (averaged between participants’ right and left eyes) appeared to remain similar
between the study groups in Table 8.5, Figure 8.2 highlights that absent and open meshwork lipid
layer patterns were more common in the placebo group than subjects who received IPL therapy.
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LLG, NIKBUT, TMH and tear osmolarity assessments measured at Baseline,
Days 15, 45, 75 and 105. Treatment (placebo, 4 IPL flashes, 5 IPL flashes) was
performed immediately following the assessment at baseline, and at Days 15, 45,
and 75. Data are presented as mean ± SD, or as median (IQR).

Variable

Treatment

Baseline

Day 15

Day 45

Day 75

Day 105

Placebo

4 (2-4)

3 (3-4)

3 (2-4)

3 (2-4)

3 (2-4)

4 Flashes

3 (2-5)

3 (3-4)

3 (2-4)

3 (3-5)

3 (3-4)

5 Flashes

3 (3-4)

3 (3-4)

3 (3-4)

3 (3-4)

3 (3-4)

5.4

5.6

5.8

5.4

5.6

(4.6-9.6)

(4.1-6.6)

(4.0-7.9)

(4.2-7.5)

(4.0-7.4)

5.6

4.3

6.0

5.4

6.0

(4.1-7.5)

(3.8-6.3)

(4.9-7.8)

(4.1-7.0)

(3.7-8.0)

5.4

5.5

6.1

5.3

5.8

(4.3-7.8)

(4.3-7.7)

(4.9-9.2)

(4.1-7.8)

(4.1-8.4)

0.36 ±

0.39 ±

0.38 ±

0.39 ±

0.42 ±

0.18

0.20

0.18

0.25

0.21

0.28 ±

0.28 ±

0.30 ±

0.29 ±

0.30 ±

0.08

0.07

0.08

0.07

0.08

0.35 ±

0.33 ±

0.37 ±

0.38 ±

0.37 ±

0.16

0.12

0.16

0.20

0.15

Placebo

315 ± 12

-

314 ± 11

-

311 ± 11

4 Flashes

311 ± 13

-

309 ± 13

-

309 ± 14

5 Flashes

310 ± 14

-

309 ± 12

-

308 ± 13

Interocular

Placebo

11 ± 11

-

13 ± 9

-

9±5

osmolarity

4 Flashes

9±9

-

7±7

-

9±7

5 Flashes

8±6

-

8±8

-

10 ± 8

LLG

Placebo
NIKBUT
(sec)

4 Flashes

5 Flashes

Placebo

TMH (mm)

4 Flashes

5 Flashes

Osmolarity
(mOsmol/l)

difference
(mOsmol/l)
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Comparing the effects of treatment, time and interaction on LLG, NIKBUT, TMH
and tear osmolarity. Data are presented as p values. Asterisks denote statistically
significant differences where p < 0.05.
p value

Variable
Treatment

Time

Interaction

LLG

0.01*

0.14

0.77

NIKBUT (sec)

0.11

0.12

0.53

TMH (mm)

0.59

0.08

0.52

Tear osmolarity (mOsmol/l)

0.12

0.32

0.68

Interocular osmolarity difference (mOsmol/l)

0.28

0.99

0.13

Table 8.7

Post-hoc multiplicity-adjusted Tukey’s test for tear film LLG. Data are presented as
p values. Asterisks denote statistically significant differences where p < 0.5.
p value

Variable

Treatment

Placebo vs.
4 Flashes
LLG

Placebo vs.
5 Flashes
4 Flashes vs.
5 Flashes

Baseline

Day 15

Day 45

Day 75

Day 105

0.69

0.88

0.37

0.02*

0.03*

0.67

0.63

0.02*

0.01*

0.04*

0.42

0.53

0.46

0.89

0.69
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Distribution of tear film LLG between Placebo, 4 Flashes and 5 Flashes at baseline,
Days 15, 45, 75 and 105. Asterisks denote p < 0.05. Arrow indicates direction of
increasing tear film lipid layer thickness.

Figure 8.3

Tear film LLG of subjects randomised to Placebo, 4 Flashes and 5 Flashes
treatment groups at baseline, Days 15, 45, 75, and 105. Each box spans the IQR
and whiskers extend to the min and max values.
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8.2.4 Effect of IPL on Tear Film Lipid Layer
The tear film lipid layer (TFLL) was approximated by the interferometry pattern observed on K5M
and categorised according to the modified Guillon’s classification system as reported by Craig et
al.90, 199 A single experienced observer recorded the LLG for the entire study thus eliminating interobserver variability and masking was employed to minimise bias. Nevertheless, the assignment of
patterns is a subjective task and a combination of gradings were sometimes present. For the
purposes of this analysis, the predominant pattern during a five-second video was recorded. LLG
distributions were statistically similar between the groups at the start of the trial. But after two IPL
treatments (Day 45), TFLL became significantly thicker in 5 Flashes group compared to placebo
and the effect remained until the exit exam. Similarly, TFLL became statistically significantly thicker
in the 4 Flashes group compared to placebo after three treatments (Day 75), which was sustained
until Day 105. LLG distributions were similar between the active intervention arms throughout the
study, indicating both groups achieved comparable therapeutic outcomes, but participants who
received 5 IPL pulses may have accumulated positive effects sooner.

When compared to sham treatment, IPL therapy significantly improved TFLL thickness, but benefits
were not statistically different from baseline LLG distributions within each study group
(p values > 0.05). The current data suggests a possible trend towards increasing LLG with IPL
therapy. Although the exploratory outcomes from Craig et al. showed significant LLG increase with
active treatment, the authors graded participants’ TFLL thickness immediately after treatment so
any temporary heat effects would have impacted upon the outcome.275 It is well documented the
application of thermal energy to the eyelid followed by serial MG expression will increase meibum
outflow and relieve EDE symptoms,197, 226, 267 since improvement in TFLL quality is associated with
reduced tear evaporation rate and increased tear film stability.90 However the TFLL thickness in
this current IPL trial was evaluated a month after treatment application, so any observable changes
were more likely to be a genuine lasting effect. Furthermore, no other prospective, randomised,
non-paired eye trials in the literature have conclusively demonstrated improvement in tear
evaporation rate after IPL treatment without the aid of therapeutic MG expression. Interestingly,
other studies investigating the effects of LipiFlow (TearScience, Morrisville, North Carolina, USA),
a vectored thermal pulsation device also found mixed results on TFLL thickness. Finis et al.
measured significant LLG increase six months after Lipiflow treatment, 566 while Zhao et al. did not
observe significant changes in their treated eye from contralateral control eye or baseline values,
but patients did report significant subjective improvement in their DED symptoms.567 Similarly,
Zhao et al. in a prospective, non-paired eye trial also found that TFLL did not significantly change
over time in the thermal pulsation group while there was an appreciable improvement in symptoms
of ocular surface irritation.568
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Regarding IPL in this study, active treatment significantly increased the quantity of lipid on the tear
film surface (Figure 8.3), which suggests that the treatment enhanced the normal function of
meibum secretion from MGs. A thin TFLL has been shown to correlate with a reduced level of
ocular comfort,90, 429 therefore an increase in LLG in this case may explain the improved symptoms
as indicated with the reduced DEQ scores discussed in Section 8.2.2. Interestingly, LLG
improvement from baseline was not measured to be statistically significant, which may be due to
the multifactorial nature of MGD pathophysiology.42 TFLL thickness is dependent on a number of
important influences such as meibum lipid composition, 109, 120 MG function,193 blinking pattern,569
palpebral aperture size,570 ambient temperature571 and relative humidity of the environment. 201 The
TFOS International Workshop on MGD reports that hyperkeratinisation 124 of the MGs occurs both
with increasing age and severity of the disease, contributing to the obstruction of MG orifice.16, 42
Given the average age of participants in this trial was 53 ± 16 years old, it is conceivable that preexisting accumulation of cell debris around the lid margin could have dampened the potential of IPL
therapy to demonstrate effect. It may be that more substantial effects on TFLL would be observed
following pre-treatment with lid margin debridement,231 although such treatments associated with
the current study were deliberately avoided for consistency between participants and to reduce the
risk of confounding the outcomes. Furthermore, advancing age and disease severity also correlate
with greater MG atrophy.44, 496

It had been hypothesised that those with higher MG dropout have the least potential to produce
sufficient meibum and may not benefit from treatments such as IPL or warm compresses that rely
on the presence of non-atrophied MGs in order to facilitate natural secretory outflow. Finis et al.
noted in their six-month study on the Lipiflow system that symptomatic improvement was higher in
patients with less severe meibomian gland atrophy compared with patients with more dropout at
treatment.566 However, Turnbull et al. found no difference in the effectiveness of three commonly
used home-based MGD treatments (liposomal spray, latent heat goggles, warm compress) across
the range of MG dropout severity, and that even individuals with over 40% MG dropout can benefit
from therapies which improve the function of the remaining glands.272 This current study did not
preclude participants with evidence of MG loss from enrolling in the trial given there is still debate
on whether dropout seen during meibography is true cellular atrophy, or if it is the lack of meibum
filling the ductules from long-term blockage. Some researchers claim to have observed (with noncontact infrared meibography) tissue regeneration, or establishment of a patent duct/orifice system
after intraductal probing in obstructive MGD.572 However, the same authors published a second
study demonstrating significant lack of reliability in measuring the MG tissue area from inadvertent
lid distortion or an altered vertical globe gaze direction during still-shot infrared meibography
images,573 thus attracting criticism of their previous conclusion. Although tear evaporation rate is
correlated with TFLL quality,90, 574 the variable was not utilised as a secondary outcome in this study
because of equipment failure a third way through the trial that required the VapoMeter (Delfin,
Kuopio, Finland) to be shipped overseas for several weeks for repair and recalibration.
Furthermore, tear evaporation rate showed null results in Craig et al.’s pilot IPL trial, and there is
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recognised difficulties in clinical measurement,575 as well as the efforts (such as application of a
Vaseline seal to the VapoMeter) required in order to achieve the most consistent results that would
have impacted on other measurements.576 Instead, the focus was placed on the molecular
composition of the TFLL given its influence on tear film biophysical properties. 109 Alteration of TFLL
biochemical profile is discussed in more detail in Section 9.1, and may offer an explanation to why
LLG showed mix indications of improvement post-IPL therapy.

8.2.5 Effect of IPL on Tear Film Stability
Previous prospective275,

276, 283, 293, 300

and retrospective286,

288

studies have reported significant

improvements to tear film stability, while there was a slight, though not significant, improvement of
NIKBUT observed in the current IPL trial (p values for treatment = 0.11, time = 0.12,
interaction = 0.53). However, most of these studies incorporate therapeutic MG expression into
their protocol to maximise prognostic outcome. Although a widely accepted practice in commercial
clinics, gland expression accompanying the IPL application constitutes a confounding factor which
is likely to contribute to the positive results.121 Craig et al. did not perform therapeutic expression,
but variables (including NIKBUT) were measured immediately after IPL administration. Therefore,
transient increase in thermal energy to the MGs and periocular pressure from the protective goggles
are likely to have advantaged outcome measures. Similarly, Jiang et al. also did not perform manual
expression of the MGs, but the design of the study (open label, no placebo control) opens itself up
to the possibility of measurement bias. Furthermore, fluorescein assisted TBUT was assessed by
the observer after non-contact tonometry evaluation. This draws further criticism of the quality of
results due to risk of destabilisation of the tear film from application of air puffs and the possibility
that such disruption could induce reflex tearing in the participant. It has been hypothesised that an
increase in mucoaqueous tear volume may extend tear film stability.121 This is one reason that nonpaired eye studies are preferred over paired-eye trials, because reflexive responses, such as reflex
tearing and forced blinking are inextricably linked between the eyes.289

Despite the observable superior LLGs, it did not translate to a significant improvement in tear film
stability as measured with NIKBUT when treated participants were compared to placebo control.
There appears to be mixed reports in literature about the association between the two parameters,
for example Craig et al. observed that higher values of LLG was associated with greater tear
stability,90 while Fenner and Tong found poor correlation between NIKBUT and TFLL thickness.577
It should be noted the data in this current IPL trial showed there was a possible trend (though not
significant) towards improved NIKBUT with active treatment (p = 0.11). The clinic room in which the
study was conducted is temperature controlled by central air conditioning, and the vent is
unfortunately located above the patient chair. The draft created overhead may have consistently
under-called NIKBUT values, which can impede the sensitivity of the equipment in detecting a
therapeutic response. For future studies, it is suggested a paper shield be placed over the vent
during research time.
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8.2.6 Effect of IPL on Tear Film Osmolarity and Tear Meniscus Height
In agreement with Craig et al.275 and Albietz et al.,300 tear osmolarity and tear meniscus height
(TMH) remained unchanged both between and within groups throughout the trial. IPL treatment is
not expected to affect the lacrimal gland function, therefore with regards to TMH, the lack of effect
was likely due to the tear volume not being significantly altered with treatment. A plausible
explanation why tear osmolarity remain unaffected during the trial is that there is inherent difficulty
in detecting change when the lower tear meniscus osmolarity is being used to represent the surface
tear tonicity. Spikes in osmolarity are masked to a large extent by the relatively high tear meniscus
volume with which any localised peaks of osmolarity are mixed prior to clinical measurement.
Research has shown fluctuations and transient spikes in tear tonicity may occur during moments
of tear film instability,320 stimulating ocular discomfort and release of proinflammatory mediators.45,
46

Therefore the ocular surface could still be frequently exposed to local hyperosmotic conditions

which propagates the Vicious Circle of DED, despite measurements of tear meniscus indicating
normal osmotic conditions.

Another caveat to the lack of effect may be due to 40% of the participant cohort during the screening
visit had tear osmolarity within the normal range (less than 308 mOsmol/l) listed in DEWS II
Diagnostic Methodology report.25 Therefore, many of the subjects might be limited in their potential
for change in this specific parameter. While hyperosmolarity of the tear film has been widely
supported in literature as an objective numerical measure for diagnosing, grading, and managing
DED,318 there appears to be conflicting reports on the correlation between tear osmolarity and other
dry eye severity markers in the literature. Some studies support tear osmolarity as a biomarker for
DED severity,578,

579

while others noted in their analysis that alterations in tear tonicity do not

correlate significantly with symptomology changes.579,

580

This may be caused by the age old

conundrum in DED diagnosis that signs and symptoms often do not correlate,581, 582 as well as
inherent low reproducibility and wide variation in repeat measurements of tear tonicity in DED
patients.466 When results of subjects with raised osmolarity at baseline (≥ 308 mOsmol/l) were
analysed, there was no significant difference in the tear tonicity between participants allocated to
the treatment or placebo groups. This may be due to the study being insufficiently powered to show
differences for that sub-sample analysis.

Furthermore, increased tear fluid production to compensate for MG dropout have been noted in
individuals with MGD,583 which could dampen tear osmolarity readings. Despite best attempts to
sequence clinical evaluations from least to most invasive, the order in which tests were performed
has some inevitable impact on subsequent results. For example, refraining from blinking during
NIKBUT measurements and exposure to the wide-field cold light source for 20 seconds during
interferometry, could potentially have triggered some degree of reflex tearing and have thus
decreased tear osmolarity.
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8.2.7 Ocular Surface and Adnexa Results
Table 8.8 summarises the mean and median grading scores of lid margin morphology, lash
crusting, lid parallel conjunctival folds (LIPCOF) and bulbar conjunctival hyperaemia across various
time points. All data were collected from the right eye and ordinal data were converted to rankvalues prior to statistical assessment. Results from two-way ANOVA are outlined in Table 8.9,
which revealed MG capping grade was significantly affected by treatment and time between the
three study groups.

Multiplicity-adjusted Tukey's post-hoc analysis (Table 8.10) revealed there was no difference in MG
capping between the study groups at baseline, Day 15 and Day 75. However, on Days 45 and 105,
MG capping improved in IPL treated groups compared to placebo control. No significant difference
was detected between participants assigned to the two active arms of the trial. While median MG
capping grades were similar between study groups (Table 8.8), Figure 8.4 highlights that grades
less than one were more common post-treatment in participants that underwent active IPL therapy
than subjects who received sham treatment.
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Eyelid morphology, lash crusting, LIPCOF and conjunctival hyperaemia
assessment at baseline, Days 15, 45, 75 and 105. Treatment (placebo, 4 IPL
flashes, 5 IPL flashes) was performed immediately following the baseline
assessment, and at Days 15, 45, and 75. Data are presented as mean ± SD, or as
median (IQR).

Variable

Lid margin
thickening

Lid margin
rounding

Lid margin
notching

MG capping

Lid margin
foaming

Lid margin
telangiectasia

Staphylococcal
lash crusting

Seborrheic
lash crusting

Treatment

Baseline

Day 15

Day 45

Day 75

Day 105

Placebo

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

4 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

5 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

Placebo

0 (0-2)

0 (0-2)

0 (0-2)

0 (0-2)

0 (0-2)

4 Flashes

0 (0-2)

0 (0-2)

0 (0-1)

0 (0-1)

0 (0-1)

5 Flashes

1 (0-2)

0 (0-2)

0 (0-2)

0 (0-2)

0 (0-2)

Placebo

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

4 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

5 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

Placebo

1 (1-1)

1 (1-1)

1 (1-1)

1 (1-1)

1 (1-1)

4 Flashes

1 (1-1)

1 (1-1)

1 (1-1)

1 (1-1)

1 (0-1)

5 Flashes

1 (1-1)

1 (0-1)

0 (0-1)

1 (0-1)

0 (1-1)

Placebo

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

4 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

Placebo

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

4 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

Placebo

0 (0-1)

0 (0-0)

0 (0-1)

0 (0-0)

0 (0-0)

4 Flashes

0 (0-1)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-1)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

Placebo

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

4 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)
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Placebo

1 (0-1)

1 (0-1)

1 (0-1)

1 (0-1)

1 (0-1)

4 Flashes

1 (0-1)

1 (0-1)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

1 (0-1)

1 (0-1)

1 (0-1)

0 (0-0)

0 (0-0)

Placebo

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-0)

0 (0-1)

4 Flashes

0 (0-1)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-1)

0 (0-0)

0 (0-0)

0 (0-1)

0 (0-0)

Placebo

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

4 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

5 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-0)

0 (0-1)

Placebo

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

4 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

5 Flashes

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)

Placebo

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

4 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-1)

5 Flashes

0 (0-1)

0 (0-1)

0 (0-1)

0 (0-0)

0 (0-1)

Bulbar

Placebo

1.1 ± 0.4

1.1 ± 0.5

1.1 ± 0.4

1.1 ± 0.5

1.1 ± 0.6

conjunctival

4 Flashes

1.0 ± 0.4

1.0 ± 0.4

1.0 ± 0.4

1.1 ± 0.4

1.0 ± 0.4

hyperaemia

5 Flashes

1.1 ± 0.4

1.2 ± 0.4

1.2 ± 0.4

1.2 ± 0.4

1.2 ± 0.4

Lash collarette

Madarosis

Poliosis

Trichiasis

LIPCOF
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Comparing the effects of treatment, time and interaction on eyelid morphology,
lash crusting, LIPCOF grading and bulbar conjunctival hyperaemia. Data are
presented as p values. Asterisks denote statistically significant differences where
p < 0.05.
p value
Variable
Treatment

Time

Interaction

Lid margin thickening

0.16

0.12

0.19

Lid margin rounding

0.19

0.09

0.19

Lid margin notching

0.43

0.07

0.58

MG capping

0.005*

0.02*

0.71

Lid margin foaming

0.23

0.49

0.69

Lid margin telangiectasia

0.13

0.37

0.97

Staphylococcal lash crusting

0.56

0.25

0.47

Seborrheic lash crusting

0.11

0.21

0.27

Lash collarette

0.27

0.12

0.59

Madarosis

0.19

0.16

0.61

Poliosis

0.93

0.08

0.62

Trichiasis

0.11

0.53

0.64

LIPCOF

0.12

0.19

0.37

Bulbar conjunctival hyperaemia (n = 81)

0.56

0.52

0.67

Table 8.10

Post-hoc multiplicity-adjusted Tukey’s test for MG capping. Data are presented as
p values. Asterisks denote statistically significant differences where p < 0.5.
p value

Variable

Treatment

Placebo vs.
4 Flashes
MG capping

Placebo vs.
5 Flashes
4 Flashes vs.
5 Flashes

Baseline

Day 15

Day 45

Day 75

Day 105

0.48

0.47

0.61

0.77

0.03*

0.19

0.50

0.03*

0.81

0.004**

0.55

0.96

0.11

0.95

0.28
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Figure 8.4

Distribution of MG capping grade between Placebo, 4 Flashes and 5 Flashes at
time points where statistically significant intergroup differences were observed.
Asterisks denote statistically significant intergroup differences (*p < 0.05,
**p < 0.01). Arrow indicates the direction of improvement

8.2.8

Meibomian Glands Results

Table 8.11 summarises the median (and IQR) grading scores of meibum expressibility, meibum
quality, and K5M meibography imaging across the various time points. All data were collected from
the right eye. Non-normally distributed measures were logarithmically transformed before analysis,
while ordinal data and categorical data were converted to rank values prior to undergoing
multiplicity adjusted non-parametric analysis. Results are outlined in Table 8.12, which revealed no
significant difference between the three study groups.
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Table 8.11

Meibum expressibility, meibum quality, and meibography grading at baseline, Days
15, 45, 75 and 105. Treatment (placebo, 4 IPL flashes, 5 IPL flashes) was
performed immediately following the baseline assessment, and at Days 15, 45,
and 75. Data are presented as median (IQR).

Variable

Meibum expressibility

Expressed meibum quality

Superior lid meibography (n = 83)

Inferior lid meibography (n = 84)

Table 8.12

Treatment

Baseline

Day 45

Day 105

Placebo

2 (1-4)

3 (2-5)

2 (1-5)

4 Flashes

2 (1-4)

3 (2-5)

2 (1-5)

5 Flashes

2 (1-4)

3 (2-5)

3 (1-5)

Placebo

2 (1-2)

2 (1-2)

1 (1-2)

4 Flashes

1 (1-2)

1 (1-2)

1 (1-2)

5 Flashes

2 (1-2)

2 (1-2)

2 (1-2)

Placebo

1 (1-2)

2 (1-3)

2 (1-3)

4 Flashes

2 (1-3)

1 (1-3)

1 (1-3)

5 Flashes

1 (1-3)

1 (1-3)

1 (0-3)

Placebo

1 (1-1)

1 (0-2)

1 (0-1)

4 Flashes

1 (0-1)

1 (0-1)

1 (0-1)

5 Flashes

1 (0-2)

1 (0-2)

1 (0-2)

Comparing the effects of treatment, time and interaction on meibum expressibility,
meibum quality, and meibography grading. Data are presented as p values.
p value

Variable
Treatment

Time

Interaction

Meibum expressibility

0.14

0.35

0.06

Expressed meibum quality

0.28

0.16

0.73

Superior lid meibography

0.97

0.65

0.98

Inferior lid meibography

0.29

0.62

0.94

Among the null findings that differed from the prospective, paired-eye, randomised, doublemasked, placebo-controlled study by Rong et al.276 (who combined IPL with therapeutic MG
expression in an Asian population) is the lack of improvement in meibum expressibility and quality
with intervention. Again, more substantial effects on MG function might be expected to occur if a
multi-therapeutic approach was taken. However, when subjects were stratified according to severity
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of DED symptoms, IPL significantly improved meibum expressibility in subjects who scored >22 on
their OSDI DEQ at baseline. Compared to placebo participants [2 (1-5), median (IQR)], subjects
who received active treatment (4 Flashes or 5 Flashes) showed significantly superior meibum
expressibility after receiving four treatments on Day 105 [4 (2.5-6.5), median (IQR)], p = 0.021.
Although not significant, meibum quality also trended towards an improvement from baseline
grading in this subset of participants who underwent IPL therapy (p = 0.051), but not in the sham
treatment group (p > 0.05).
In agreement with Rong et al.,276 non-contact infrared meibography was unable to confirm any
growth of glandular tissue after active intervention, however further investigation would be needed
to rule out whether IPL facilitates MG tissue regeneration through mechanisms of Low Level Laser
therapy (LLLT).374 The lack of clear corroboration between significant improvement in DEQ scores
with IPL intervention, but only mild improvements in clinical indicators of DED is not unexpected. It
implies a complicated relationship between symptoms and signs, a dissonance that has been
extensively documented in literature.25, 42, 59 Although some patient symptoms may be influenced
by somatosensory dysfunction that could present at any stage of disease, 584, 585 this study has been
designed (prospective, randomised, non-paired eye, placebo-controlled, double-masked) to
mitigate important experimental biases, thus increasing the validity of patient symptoms as our
primary outcome measure.

8.2.9 Effect of IPL on Eyelid Morphology and Meibomian Gland Function
The eyelid was examined for the degree of anterior blepharitis, MG capping, and lid margin disease
(i.e. rounding, thickness, notching). For the most part, graded features remained unchanged, but
MG capping was observed to significantly differ from placebo control on Day 105 (p = 0.03) in the
4 Flashes group, while significance in the 5 Flashes group was reached on Day 45 (p = 0.03) and
Day 105 (p = 0.004). This implies IPL intervention may play a role in reducing MG orifice blockage,
especially 5 pulses. Furthermore, a weak negative correlation exists between baseline MG capping
grade and the change in OSDI score from baseline at Day 105 (Spearman’s r = -0.225, p = 0.037),
suggesting participants with less severe MG capping at the beginning of the trial experienced
greater degree of symptomatic relief. Logically, this makes sense as lid margin debridement is often
used in clinic as an adjunct pre-treatment to IPL therapy in order to maximise outcome success. In
the sub-group of participants with severe symptoms of DED (scoring >22 on OSDI DEQ at
baseline), meibum expressibility of the IPL group was observed to significantly improve against
placebo control on Day 105. However, no corresponding improvements in lid margin telangiectasia
were detectable using the metrics assessed in this study, although significant benefits have been
reported in previous trials where IPL was performed in combination with in-office therapeutic MG
expression.283,

300

It may have been possible to detect more obvious changes in meibum

expressibility, meibum quality or lid margin telangiectasia if the current trial employed a more finely
decimalised grading scale, i.e. estimating to 0.1 rather than 0.5. This could have allowed for greater
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discriminating power in detecting minute changes in well controlled clinical research studies with a
single observer performing repeated measures on the same group of subjects. 586,

587

Another

improvement in the methodology for future IPL trials would be to extend the duration of the study.
Currently, the final clinical outcomes were measured 4 weeks after the end of IPL application,
therefore long-term effects of the treatment are unknown at 3-month or 6-month post-therapy.
Furthermore, diverging study results may also be due to the utilisation of different evaluation
techniques and grading scales to record anterior eye health features. Compounding this is the
variation in participant follow-up duration and overall study design, which are all factors that may
contribute to a degree of heterogeneity in trial outcomes.588 Therefore it is plausible that among the
reported IPL trials, these differences can lead to a between-trial variation in the amount of eyelid
morphology changes being observed. For instance, Albietz et al.300 observed lid margin redness
two weeks after IPL application at each measurement timepoint, whereas in this study, all outcomes
were measured at least 4 weeks after treatment. Secondly, Dell et al.283 evaluated meibum
expressibility using digital pressure rather than a calibrated instrument (Korb MGE) that was
employed in this study, and due to the open nature of the trial, it may have been at risk of
investigator bias. Lastly, there was also a difference in the severity of EDE in the study participants
between the current trial and previously reported literature. Albietz et al.291 conducted their trial on
moderate-severe MGD patients, while Arita et al.290 reported their findings on participants with
refractory MGD, defined as disease that has failed to respond to at least three conventional
therapies prescribed in Japan over a period of two or more years. Given these differences in the
baseline patient demographics from the current IPL trial, which observed volunteers with mildmoderate MGD, the more severe signs of participants in previous studies had greater potential to
respond positively to treatment, and improvements from baseline would have been easier to
discriminate.

8.2.10 Ocular Surface Staining Results
Table 8.13 summarises the median sodium fluorescein (NaFl) and Lissamine green (LG) ocular
surface staining score (out of 55), as well as superior and inferior lid wiper epitheliopathy (LWE)
grades. Non-normally distributed continuous measures and ordinal data were converted to rankvalues prior to undergoing multiplicity adjusted non-parametric statistical analysis. Results outlined
in Table 8.14 show no significant differences were detected between the three study groups. This
may be due to the fact that evaluation of ocular surface staining is a snap shot of a moment in time,
prone to and day to day variation,589 whereas symptom indicators (validated DEQs) reflect a
participant’s dry eye status over an extended period. Although surface staining assessment is a
common technique used to evaluate DED, 60 test repeatability has been found to be poorer
compared to patient reported symptoms.27, 455 Furthermore, the ocular surface staining score of trial
participants were low at baseline, and as iterated in Section 6.6.3.6, some studies have shown that
a low level of punctate physiological NaFl hyper-fluorescence exist in normal cornea due to cellular
desquamation being part of epithelium turnover,471-473, 590 and Lissamine green staining has been
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recorded in 51% of normal participants.591 Incidence of normal cornea staining with NaFl also tend
to increase with age,592 and as the participant demographic breakdown in Section 8.1.1 illustrate,
the majority of subjects in this trial were middle-aged. Hence it is possible that baseline ocular
surface staining fell within the physiological range, and therefore not expected to significantly
improve with IPL therapy.

Table 8.13

Ocular surface staining score and LWE grading at baseline, Days 15, 45, 75 and
105. Treatment (placebo, 4 IPL flashes, 5 IPL flashes) was performed immediately
following the baseline assessment, and at Days 15, 45, and 75. Data are presented
as median (IQR).

Variable

NaFl staining

LG staining

Superior LWE

Treatment

Baseline

Day 15

Day 45

Day 75

Day 105

Placebo

4 (1-7)

4 (2-6)

4 (2-5)

4 (2-7)

4 (2-7)

4 Flashes

4 (2-8)

4 (2-10)

4 (2-8)

4 (2-9)

5 (2-8)

5 Flashes

4 (3-5)

4 (2-7)

4 (3-7)

4 (4-7)

5 (2-9)

Placebo

2 (0-3)

2 (1-4)

2 (0-2)

2 (0-3)

2 (0-3)

4 Flashes

2 (1-5)

3 (1-7)

2 (1-6)

2 (0-6)

2 (1-5)

5 Flashes

2 (0-4)

2 (0-5)

3 (1-6)

2 (0-5)

2 (1-5)

Placebo

0 (0-0.08)

0 (0-0.3)

0 (0-0.3)

0 (0-0.35)

0 (0-0)

4 Flashes

0 (0-0.2)

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0.3)

5 Flashes

0 (0-0.3)

0 (0-0.3)

0 (0-0.3)

0 (0-0.3)

0 (0-0.4)

0.3

0.3

0.3

0.3

0.15

(0-1.3)

(0-1.35)

(0-0.85)

(0-1)

(0-0.8)

0.4

0.5

0.5

0.5

0.3

(0-1)

(0.08-1.23)

(0-1)

(0-1)

(0-1)

0.3

0

0.3

0.3

0.3

(0-0.5)

(0-0.65)

(0-0.9)

(0-0.65)

(0-1.15)

Placebo

Inferior LWE

4 Flashes

5 Flashes
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Comparing the effects of treatment, time and interaction on ocular surface staining
assessments. Data are presented as p values.
p value
Variable
Treatment

Time

Interaction

NaFl staining

0.13

0.40

0.19

LG staining

0.63

0.36

0.19

Superior LWE

0.08

0.48

0.97

Inferior LWE

0.30

0.85

0.90

8.2.11 Effect of IPL on the Ocular Surface
IPL treatment did not significantly change ocular surface staining, bulbar conjunctival hyperaemia,
LWE or LIPCOF. These observations are consistent with the lack of effect on tear osmolarity with
intervention, leading to no clinically measurable impact on hyperosmolarity-induced cell apoptosis.
Corneal and conjunctival staining results have been mixed in previous prospective trials, with some
studies finding reductions in staining scores,276, 300 while others observed no significant changes.275,
293, 378

This disparity in significant findings is likely due to differences in the participant cohort, as

well as the observation of corneal epithelial staining being generally considered a late-stage
phenomenon of MGD.203, 204 As previously mentioned, Arita et al.290 and Albietz et al.291 treated
moderate-severe MGD participants, their greater disease severity would tend to correlate with more
severe ocular surface staining score, whereby corneal and conjunctival staining have been shown
to be informative markers of DED severity.464

Using the DED diagnostic criteria recommended by TFOS DEWS II Diagnostic Methodology
report (Table 8.15),25 the percentage of participants who tested positive at baseline in the Placebo
group decreased by 11% (p = 0.547) by the exit exam, while a greater percentage of participants
(19%) in the IPL group (4 Flashes and 5 Flashes combined) no longer met the criteria for dry eye.
Again this failed to reach significance (p = 0.220), however some support for a difference may
possibly be inferred from the results of a two-tailed Fisher’s exact test comparing the active and
inactive treatment arms on Day 105, which shows the difference in success between groups is
significant, at least at the 0.1 level, (p = 0.092).
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Components of the TFOS DEWS II DED diagnostic criteria.

DED Component

TFOS DEWS II Diagnostic Criteria

Symptomology

OSDI score >12 (worst eye)
NIBUT less than 10 seconds (average between right and
left eye)
Tear osmolarity ≥308 mOsm/l, or a difference of >8 mOsm/l

Signs

between the two eyes
Corneal staining (>5 staining spots, worst eye)
Conjunctival staining (>9 staining spots, worst eye)
LWE staining (width ≥ 25% and length ≥2 mm, average
between upper and lower eyelids of both eyes)

8.2.12 Non-contact Aesthesiometry and Confocal Microscopy Results
Multiplicity adjusted Tukey's post-hoc analysis (Table 8.18) revealed corneal sub-basal nerve fibre
density was significantly lower in the placebo compared to IPL treated groups at baseline, but not
on assessment at exit exam. Table 8.16 summarises sensitivity thresholds for central cornea and
lower lid margin measured using non-contact aesthesiometry. The table also outlines the following
in vivo confocal microscopy variables: corneal sub-basal nerve fibre density, sub-basal dendritic
cell density, MG acinar unit diameter, MG acinar density and acinar secretion reflectivity grade. All
data were collected from the right eye. Continuous variables confirmed to exhibit a normal
distribution by the Kolmogorov-Smirnov test (p > 0.05) underwent parametric statistical analysis.
Non-normally distributed continuous measures and ordinal data were converted to rank-values prior
to analysis. Results are outlined in Table 8.17. Other than corneal nerve fibre density, there were
no significant differences between the three study groups at the entrance and exit exams.
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Non-contact aesthesiometry and in vivo confocal microscopy outcomes measured
at baseline and Day 105. Treatment (placebo, 4 IPL flashes, 5 IPL flashes) was
performed immediately following the baseline assessment, and at Days 15, 45,
and 75. Data are presented as mean ± SD, or median (IQR).

Variable

Central corneal sensation
(mBAR; n = 84)

Lower lid margin
sensation (mBAR; n = 84)

Sub-basal nerve fibre
density (µm/mm2; n = 85)

Sub-basal dendritic cell
density (cells/mm2; n = 85)

Acinar diameter
(µm; n = 85)

Acinar density
(units/mm2; n = 85)

Acinar secretion
reflectivity
(n = 85)

Treatment

Baseline

Day 105

Placebo

0.8 ± 0.6

0.8 ± 0.6

4 Flashes

0.7 ± 0.6

0.7 ± 0.6

5 Flashes

1.0 ± 0.8

0.9 ± 0.7

Placebo

0.8 ± 0.6

0.7 ± 0.5

4 Flashes

0.7 ± 0.6

0.7 ± 0.6

5 Flashes

1.0±0.9

0.9±0.8

Placebo

16562.3 ± 4451.3

18642.7 ± 3954.7

4 Flashes

19507.5 ± 4686.5

20907.6 ± 3872.6

5 Flashes

20237.2 ± 5236.6

20155.7 ± 4763.4

Placebo

46 (15-130)

30 (16-71)

4 Flashes

21 (10-31)

40 (24-58)

5 Flashes

28 (17-86)

30 (17-72)

Placebo

67.68 ± 24.30

63.57 ± 12.38

4 Flashes

72.41 ± 21.19

61.81 ± 17.15

5 Flashes

67.66 ± 22.00

62.97 ± 18.95

Placebo

109 ± 52

110 ± 47

4 Flashes

109 ± 40

113 ± 44

5 Flashes

123 ± 72

127 ± 66

Placebo

3 (2-4)

3 (2-4)

4 Flashes

2 (2-3)

3 (1-3)

5 Flashes

3 (2-4)

3 (2-3)
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Comparing the effects of treatment, time and interaction on non-contact
aesthesiometry thresholds and in vivo confocal outcomes. Data are presented as
p values. Asterisks denote statistically significant differences (p < 0.05).
p value

Variable
Treatment

Time

Interaction

Central corneal sensation

0.31

0.37

0.44

Lower lid margin sensation

0.12

0.32

0.19

Sub-basal nerve fibre length (µm/mm2)

0.002*

0.10

0.42

Sub-basal dendritic cell density (cells/mm2)

0.24

0.74

0.50

Acinar diameter (µm)

0.64

0.07

0.88

Acinar density (units/mm2)

0.24

0.69

0.98

Acinar secretion reflectivity grade

0.06

0.09

0.29

Table 8.18

Post-hoc multiplicity-adjusted Tukey’s test for central corneal sub-basal nerve fibre
density. Data are presented as p values. Asterisks denote statistically significant
differences where p < 0.5.
p value

Variable

Sub-basal nerve fibre
length (µm/mm2)

Treatment
Baseline

Day 105

Placebo vs. 4 Flashes

0.049*

0.15

Placebo vs. 5 Flashes

0.006*

0.41

4 Flashes vs. 5 Flashes

0.80

0.82

8.2.13 Effect of IPL on Sensitivity Threshold and Confocal Microscopy
This is the first study assessing IPL effects which has employed non-contact aesthesiometry to
evaluate central corneal and lid margin sensitivity. The results suggest that neither are affected with
intervention and corroborates with the Cochet-Bonnet aesthesiometry findings from Albietz et al.300
This thesis is also the first to assess central corneal cellular structure using in vivo confocal
microscopy pre and post IPL therapy. The baseline disease status in this study was similar to values
reported by Kheirkhah et al. (17.06 ± 5.78 mm/mm2),593 who also evaluated sub-basal nerve fibre
length in participants with MGD related DED. While most measured parameters were unaffected
by treatment, an unexpected finding in the placebo group was sub-basal nerve fibre density had
increased by an average of 2080.4 ± 3318.4 µm/mm2 from baseline. However, the sub-basal nerve
fibre density for the placebo group was significantly lower than both other active intervention arms
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at the beginning of the study (4 Flashes, p = 0.04; 5 Flashes, p = 0.006), thus suggesting the sample
was not ideally distributed between the groups at the beginning of the trial in terms of their corneal
nerve density. Given the sham treatment could not have been expected to influence nerve fibre
growth in the cornea, a possible explanation for this discrepancy may lie in the imaging technique.
Sampling the same structure locus at baseline and exit exam is difficult. Although care was taken
to navigate the applanating lens of the microscope until the nerve fibres were at their most straight
and parallel (indicating central cornea locus), it is possible that variations in location occurred and
influenced the measurement. Secondarily, performing the technique had a relatively steep learning
curve to enable the capture of images without applanation defects. In order to minimise
inconvenience and discomfort for participants during the extended IVCM procedure, measurements
were collected over only a short time period from which it was possible to select only three nonoverlapping images for image analysis. While previous studies have also used the same
methodology,486,

490, 494

inclusion of a greater number of images in future research could help

improve differences that occur in applying the technique during image acquisition.

Although none of the IVCM parameters exhibited statistically significant changes at an alpha level
of 0.05, treatment (p = 0.06) and time (p = 0.09) were significant at a 0.1 alpha threshold, suggesting
there may be mild beneficial effects on acinar secretion reflectivity grade. This supports the
hypothesis that IPL may have improved the quality of MG secretion at an ultrastructural level but
was not enough to be detected grossly by the eye during diagnostic expression or to significantly
improve LLG from baseline with intervention. However, it does support the observed reduction in
orifice capping, which might be expected to be linked to changes in secretion composition.

A caveat must be made that concerns have been raised on interpretation of images and on the
correlations between confocal and histologic findings. A recent study published after the conclusion
of the IPL trial has updated insight into these morphologic structures. Using wide-field IVCM and
laser scanning confocal microscopy, Zhou and Robertson observed that microstructures imaged at
the palpebral lid margin are rete ridges in the dermal-epidermal junction, and hypothesise that
previous IVCM studies have mislabelled them as MG acini.594 Currently, the relationship between
rete ridge morphology and MGD is unclear, thus prompting a new research avenue.

8.2.14 Ocular Demodex and Bacterial Results
Table 8.19 summarises the median Demodex count (mites per lash) and total bacterial colony
forming units (CFU) incubated from lid margin swabs collected at entrance and exit exams. Growth
density of bacteria was also graded by a commercial medical laboratory (LabPlus, Auckland, NZ)
for numerous species in their report. Non-normally distributed continuous measures and ordinal
data were converted to rank-values prior to undergoing analysis. Results are outlined in Table 8.20,
which shows that apart from Corynebacterium macginleyi, there was no significant difference in the
growth density of specific species of bacteria isolated from the lid margin between treatment
groups. Multiplicity adjusted Tukey's post-hoc analysis (Table 8.21) revealed Corynebacterium
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macginleyi growth was significantly heavier in placebo participants compared to IPL treated groups
on Day 105, but not at baseline visit (Figure 8.5).

Table 8.19

Demodex and total CFUs measured at baseline and Day 105. Treatment (placebo,
4 IPL flashes, 5 IPL flashes) was performed immediately following the baseline
assessment, and at Days 15, 45, and 75. Data are presented as median (IQR).

Variable

Demodex infestation

Treatment

Baseline

Day 105

Placebo

0 (0-0.3)

0 (0-0.3)

4 Flashes

0 (0-0.2)

0 (0-0.2)

5 Flashes

0 (0-0.2)

0 (0-0.3)

Placebo

45 (12-170)

22 (8-118)

4 Flashes

28 (8-57)

49 (19-219)

5 Flashes

12 (2-28)

19 (5-47)

(number of mites per lash)

Total bacteria CFU (n = 82)

Table 8.20

Comparing the effects of treatment, time and interaction on microbial findings. Data
are presented as p values. Asterisks denote statistically significant differences
where p < 0.05.
p value

Variable
Treatment

Time

Interaction

Demodex count (mites per lash)

0.27

0.12

0.59

Total bacteria CFU

0.12

0.10

0.99

Corynebacterium macginleyi

0.003*

0.24

0.35

Table 8.21

Post-hoc multiplicity-adjusted Tukey’s test for treatment effects at each individual
time point. Data are presented as p values. Asterisks denote statistically significant
differences where p < 0.5.
p value

Bacteria

Treatment

Placebo vs.
Corynebacterium

4 Flashes

macginleyi

Placebo vs.
5 Flashes

Baseline

Day 105

0.33

0.02*

0.17

0.004**
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4 Flashes vs.
5 Flashes

Figure 8.5

0.72

0.59

Corynebacterium macginleyi CFU grade at baseline and Day 105 for each study
group. Asterisks denote statistically significant intergroup differences (*p < 0.05,
**p < 0.01). Arrow indicates the direction of improvement.

8.2.15 Effect of IPL on Ocular Demodex and Bacteria
Ocular Demodex
Although IPL pulses were ineffective at devitalising Demodex directly in exploratory experiments
described in Chapter 4, it was hypothesised treatment may indirectly raise their temperature beyond
a level at which they could survive due to the absorption of energy by the surrounding
chromophores in the skin. Zhao et al.415 suggest temperatures below 0°C or above 37°C is not ideal
for Demodex growth and development, and that 54°C was the lethal limit. A potentially more longterm mechanism of action could be that IPL induces a secondary effect on the ectoparasite by
restoring homeostasis to the ocular surface and eyelid margins. Forty-seven percent of Placebo
subjects (n = 30) were positive for Demodex at baseline and 43% remained afflicted on Day 105.
In the active treatment group (4 Flashes and 5 Flashes pooled, n = 57), 46% of participants were
positive at baseline, which reduced to 36% on exit exam, perhaps showing a positive trend that
might be demonstrable with greater numbers in the sample. However, statistical analysis found
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between-group and within-group differences were not meaningful, both in terms of infestation rate,
or density of mite population for participants who were afflicted by these ectoparasites.
Furthermore, no reduction in cylindrical lash crusting, the clinical feature considered
pathognomonic for Demodex infestation, was observed with intervention.233, 595 While the current
study appears to suggest that IPL does not influence ocular demodicosis in MGD patients, it should
be noted the Demodex which reside on the eyelid margin include two types, D. folliculorum is
adapted to live inside lash follicles while D. brevis burrow themselves within the MGs. Hence it may
be possible that detection rate for the ectoparasite would be more accurate if an imaging technique
such as IVCM was employed in future clinical studies to observe the effect of IPL on Demodex of
both species. Furthermore, Zhao et al.415 observed that ex vivo, D. folliculorum survived longer
than D. brevis when environmental temperature was ≥45ºC, therefore eradication of D. brevis may
have occurred in the current study but was unable to be detected using the lash epilation technique.
Lastly, the overall number of participants who were positive for the ectoparasite was less than half
for the entire study group, and severity of mite infestation was also relatively low. Thus, if the
experiment was only conducted on participants confirmed to be positive for ocular Demodex with
moderate to severe disease, then the effect of IPL may be more pronounced.

While the demodecidal properties of IPL was not markedly apparent in the current trial, recent
reporting in the literature by Zhang et al.379 found that their application method of IPL for dry eyes
was detrimental to Demodex survival in vivo. Although the mechanism of action is unclear, the
authors likewise offered the rise in local temperature as the most likely explanation. The difference
in demodicosis outcomes may lie with the different IPL technology and protocol conduct. Firstly,
lash samples were collected from participants in this current study one month after treatment,
therefore any immediate anti-parasitic effect of IPL is unlikely to be detected given the mites would
have sufficient time to reproduce.370, 596 In the study by Zhang et al., lash samples were collected
prior to IPL treatment, and after treatment of 30 and 90 days. Therefore, it is possible that the
authors detected a greater anti-Demodex effect due to the timepoint at which samples were
collected, directly after IPL application. In addition, the IPL system used in their study (Lumenis
M22, Yokneam, Israel) differs from the technology utilised in the current study. Therefore, it is
difficult to compare what energy density and spectral range was discharged from the handpiece.
Furthermore, all the participants who were involved in the study by Zhang et al. were of Asian
descent, compared to mostly European participants in this current trial. As explained in Chapter 3,
darker skin tones would react to produce more heat when IPL is applied. Hence it is possible that
more thermal energy was generated around the ocular adnexa, which could have exerted greater
efficiency at eradicating Demodex.

Ocular Bacteria
The range of microbes cultured from the lower lid margins (right eye) of participants in each study
group are shown in Table 8.22. Aerobic bacteria with the highest average culture positivity rate
among all subjects were Staphylococcus epidermidis (61%) and Corynebacterium species (39%),
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while the most common anaerobe was Propionibacterium acnes (45%). This data agrees with
Zhang et al. who observed similar bacteria profile and infection rates in MGD patients. 205
Zhang et al. concluded that MGD sufferers carry higher culture positivity and an extended aerobic
and anaerobic microbiome compared to normal individuals, a view that is also supported by Jiang
et al., who profiled the microbiome of MG secretion from healthy and MGD individuals.597 There are
however conflicting evidence in literature, for example Watters et al. found no significant difference
in the microbial flora isolated from participants with and without MGD,150 and Dougherty et al. also
reported that frequency and bacteria profile of meibum collected from normal controls and
blepharitis patients were statistically similar.148 It is likely inconsistencies in literature are due to
differences in study population, sampling methodology, locale and seasonal variations.

It was discussed in Chapter 3 that there may be potential for harmful photo-excitation of P. acnes
during IPL therapy as a result of exogenous chromophores (porphyrins) that absorb light between
400 to 700 nm.371, 598 However current data does not support this theory, and this may be associated
with the spectral profile of the E>Eye device being maximised for the 600 to 950nm optical window
(Chapter 4). As to the other two predominant lid margin bacteria isolated in this study, S. epidermis
and Corynebacterium species lack endogenous chromophores,599 and therefore would be expected
to be less susceptible to photothermolysis. Additionally, the safety goggles worn by the participant,
which prohibit light from directly reaching the eyelid margins, might also limit the bactericidal
potential of the E>Eye device. Although Corynebacterium macginleyi growth was significantly
heavier in placebo participants compared to IPL treated groups on Day 105 (Figure 8.5), paired
samples t test found no significant improvement from baseline values in the active study arms. Most
likely the difference reached statistical significance due to increased growth in placebo control at
exit exam rather than IPL actively reducing the presence of C. macginleyi in post-IPL subjects.

Along with S. epidermidis and P. acnes, Corynebacterium constitute one of the major microbial
commensals associated with the ocular surface,154, 205, 600 and appear to be more frequently cultured
from eye specimens collected from patients of increasing age.601 While previous investigations
have isolated C. macginleyi at the ocular site,597, 602, 603 the specific role of this bacteria in causing
severe ocular infections remains inconclusive.602 Most of the Corynebacterium species appear to
display low virulence against the cornea,604 while case reports and studies in literature
predominantly cast the bacteria in a pathogenic role during severe instances of conjunctivitis.602,
604, 605

Recently, the incidence of C. macginleyi cultured from meibum secretion has been found to

be significantly higher in severe MGD patients compared to healthy controls and moderate MGD
patients.597 This led the researchers to conclude that MGD severity was correlated with a more
complex ocular microbiome that specifically constituted higher incidence of non-S. epidermidis
bacteria like C. macginleyi.597 Since research participants in the current IPL trial were instructed to
forgo concurrent MGD therapies while they remained in the study, it may be possible that the lack
of any treatment in the placebo group encouraged an increase in the prevalence and bacterial load
of the C. macginleyi. Lastly, it should be noted the median total CFU and IQR for the 4 Flashes
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group appeared to show an increasing trend in Table 8.19. Although the finding was not significant,
an explanation for this may lie in the influence of seasonal changes that occurred during the 3.5
month study duration, whereby different bacteria species may have varied in growth at different
times of the year.606, 607
Table 8.22

Comparison of bacteria species isolated from the lid margin at baseline and
Day 105 of subjects randomised to Placebo, 4 Flashes and 5 Flashes treatment
groups. Data are presented as percentage of culture-positive subjects (%).
Placebo

4 Flashes

5 Flashes

Baseline

Day 105

Baseline

Day 105

Baseline

Day 105

10

17

4

4

0

0

3

3

0

0

0

0

0

3

0

0

0

0

10

3

7

4

0

0

30

33

43

56

28

41

3

0

0

0

0

0

0

3

0

0

0

0

Micrococcus luteus

0

0

0

4

0

0

Micrococcus species

0

0

4

0

0

0

3

0

0

0

0

0

Proteus mirabilis

3

0

0

0

0

0

Proteus species

3

0

0

0

0

0

0

7

0

0

3

3

Aerobic Species
Corynebacterium
macginleyi
Corynebacterium
propinquum
Corynebacterium
pseudodiphtheriticum
Corynebacterium
tuberculostericum
Corynebacterium
species
Enterobacter
aerogenes
Enterococcus
faecalis

Mixed Gram-positive
and Gram-negative

Staphylococcus
(Coagulate negative)
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Placebo
Aerobic Species
Staphylococcus
aureus
Staphylococcus
capitis
Staphylococcus
caprae
Staphylococcus
epidermidis
Staphylococcus
haemolyticus
Staphylococcus
hominis
Staphylococcus
lugdunensis
Staphylococcus
pasteuri
Staphylococcus
species
Staphylococcus
warneri
Streptococcus (Alpha
haemolytic)

4 Flashes

5 Flashes

Baseline

Day 105

Baseline

Day 105

Baseline

Day 105

0

3

4

4

3

3

7

3

11

0

7

7

3

3

0

0

0

0

63

53

57

67

69

55

0

0

4

0

0

0

0

0

4

0

0

0

0

3

0

0

3

0

0

0

0

4

0

3

0

0

0

0

3

0

7

0

4

0

3

3

3

3

0

0

0

0

23

37

54

59

41

55

3

0

0

0

0

0

0

0

7

0

3

0

10

13

14

4

21

17

Anaerobic Species
Propionibacterium
acnes
Propionibacterium
granulosum
Propionibacterium
species
No Growth
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Conclusions

Subjective outcomes support the hypothesis that IPL therapy is an effective treatment for MGD.
The study provides convincing evidence that IPL, independent of other secondary management
strategies, and in a truly unbiased fashion, is effecting objective and subjective improvements in
ocular surface health. Interestingly, clinical diagnostic techniques thus far suggest the symptomatic
relief is the result of IPL facilitating MG function, as demonstrated by the significant decrease in MG
capping, meibum expressibility and quality graded via slit lamp examination (Section 8.2.9) and
meibum quality graded via IVCM (Section 8.2.13). While the most current IPL studies in literature
have also found these changes to varying degrees (Table 3.1), most researchers have placed
emphasis on detecting improvement in the inflammatory status of the ocular surface due to legacy
of IPL’s mechanism of action when applied in the field of dermatology. Thus, clinical outcomes
indicate perhaps that current focus into possible underlying mechanism(s) of action should broaden
to investigations of tear biochemistry and light-tissue interaction at a molecular level.

While several positive results were found, the majority of the clinical indicators and laboratory
techniques, particularly in relation to neuro-inflammation were not statistically meaningful. This lack
of correlation may be due to the fact that participants evaluated in this clinical trial were not stratified
based on disease severity as the resulting low number of subjects in each category provided
insufficient statistical power for a valid analysis of the three treatment groups. It may be that in a
group of MGD patients with more severe signs of EDE, IPL would improve their condition to a
clinically and statistically significant level. Foulks suggested when planning a clinical trial, the mean
severity of disease of participants should be great enough to allow 25% improvement upon therapy,
and by restricting the study population to one severity level, it would help narrow the generalisability
of conclusions.565 The setup of the current IPL trial commenced before the publication of TFOS
DEWS II, therefore any future work expanding on this current line of research would utilise new
recommendations stemming from these workshops.25 For instance, symptoms and classical DED
signs can vary over clinically relevant timespans,467 and owing to the tendency for regression to the
mean,608 a more stringent patient selection process for the trial would be to have the entrants qualify
for the inclusion criteria at more than one pre-study visit. Additionally, the current cut-off values of
OSDI (>12) and McMonnies (>9) DEQ scores is set for mild-moderate dry eye. If the OSDI cut-off
was set up for more severe dry eye (>22), a greater demonstrable difference in outcomes may have
been detected. A post-hoc analysis using this criterion was applied to tear film osmolarity. Although
the difference was insignificant (p = 0.218), likely due to the now smaller sample size, it did show
that in the tear osmolarity of the IPL treated group (4 Flashes and 5 Flashes combined) declined
from baseline (median 312 mOsmol/l, IQR 300-320 mOsmol/l) compared to Day 105 (median 307
mOsmol/l, IQR 299-316 mOsmol/l). Whereas the tear osmolarity of the placebo group at baseline
(median 310 mOsmol/l, IQR 304-325 mOsmol/l) and Day 105 (median 312 mOsmol/l, IQR 307-318
mOsmol/l) remained similar. Further supporting this recommendation is the significant improvement
in meibum expressibility and quality achieved when analysis was performed on this subset of
patients described in Section 8.2.9.
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One of the hypotheses in Section 1.3 stated that periocular IPL application may reduce the leakage
of inflammatory mediators, and thus improve tear film quality to restore ocular surface homeostasis.
However, results from this trial were not statistically significant for clinical outcomes of homeostasis
marker tests, i.e. ocular surface staining. An explanation for this could be that clinical visits at each
data collection point did not begin at the same time of the day due to scheduling conflicts, and
baseline levels were already low in cases of mild-moderate MGD participants so that there was not
“room” to improve upon with treatment. Furthermore, the IPL trial spanned across seasonal
changes that influenced temperature and relative humidity of the environment. Given extrinsic
factors play a role in the “vicious circle” of DED, it may be possible that the ability to detect small
differences sensitive diagnostic techniques such as tear film osmolarity 109 were compromised. Due
to the exploratory nature of the current IPL trial into the device’s potential mechanism(s) of action
in the treatment of MGD, priority was given to patient symptoms as the primary outcome measure.
Therefore, in future studies, biomarkers of inflammatory disease state such as tear hyperosmolarity
could be used as an inclusion criterion to narrow the study participants to a potentially responsive
sample in which treatment is more likely to demonstrate efficacy.
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CHAPTER 9. LABORATORY OUTCOMES AND
DISCUSSION
9.1

Lipidome Characterisation

As described in Chapter 7, the oil-rich meibum is made up predominantly of hydrophobic lipids, with
approximately 60-70% of total human meibum lipids comprising of wax (WE) and cholesteryl esters
(CE).96, 100, 169, 192, 522, 523 The biosynthesis of WEs occurs during the esterification of fatty alcohols
and fatty acids. In the case of CEs, the fatty alcohols are replaced with cholesterol molecules. 104
Small amounts of other lipids (mainly polar), such as glycerolipids and phospholipids make up the
remaining lipid component. These amphiphilic molecules form a thin sublayer that is crucial in
stabilising the interface between the TFLL and the underlying mucoaqueous phase. While the
presence of ceramides (Cer) have previously been noted,102 recent advances in lipidomics analysis
have not observed these compounds in appreciable amounts. 100, 105 Cer should form only a minor
component of the human meibum,99 therefore detection of Cer in large quantities would suggest
the sample may be contaminated with skin lipid or cell debris.104, 609

Currently, most dry eye researchers agree that biochemical deficiencies and/or alterations to the
ocular surface lipidome play a role in destabilising the tear film.109 It is therefore possible that clues
to the underlying mechanism of action of IPL therapy might be uncovered by exploring the effect of
IPL on the TFLL composition. However, many individual lipids with various molecular structures
exist within these lipid classes. An ongoing research challenge exists in pinpointing the specific lipid
species that most strongly influence the TFLL molecular structure and biophysical properties. Given
the pilot nature of this experiment, it was elected to characterise the tear film lipids into classes
rather than individual lipid species for subsequent statistical analyses. Protocols for tear sample
collection, tear lipid extraction and nano-electrospray mass spectrometry technique were described
in Chapter 7.
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9.1.1 Baseline Participant Profile
Outlined in Table 9.1 are the baseline characteristics of the subset of participants who completed
the tear lipidomics study. Due to the double-blind design of the IPL trial, the allocation of willing
participants resulted in an imbalance of comparator group sample size after unmasking. In total,
there were 13 participants in the Placebo group and nine participants in IPL group, who received
either four or five flashes during the trial. The exploratory nature of this experiment and high
consumables cost resulted in a small sample size that did not allow for sub-analysis by number of
flashes, therefore all participants who underwent active treatment were combined into a single
“treated’ group. A maximum of 10 (and minimum of 5) microlitres of basal tears was collected from
both eyes during each subject’s first and last visit. The tear lipid extraction and electrospray
ionisation mass spectrometry methods described by Brown et al.99 were conducted at the University
of New South Wales (Sydney, Australia) under the guidance of Professor Mark Willcox’s research
team. All tear samples were stored appropriately at -80ºC and processed within six months from
sample collection date.

Table 9.1

Baseline characteristics of the participants in the tear lipidomics study. Data are
presented as mean ± standard deviation (SD), or number of subjects (% of
sample).
Treatment

Measurement

Placebo (n = 13)

IPL (n = 9)

p value

Age (years)

60 ± 12 (range, 37

54 ± 13 (range, 26

0.32

to 76)

to 72)

Female Gender

10 (77%)

8 (89%)

0.62

European Ethnicity

11 (85%)

6 (67%)

0.61

McMonnies DEQ Score

21 ±5

17 ± 7

0.11

OSDI Score

32 ± 12

23 ± 15

0.16

LLG

3 ± 1.5

3.5 ± 1

0.41

9.1.2 Statistical Analysis
Lipidomics output from this experiment was derived from the average measurement of each
participant’s right and left eye. Individual lipid species identified through the technique of mass
spectrometry were grouped into their respective nonpolar and polar lipid classes for quantification
analyses. Due to expected high inter-subject variability, TFLL composition is reported as the relative
amount (mole percentage) of the total lipids in the sample, for more accurate interpretation. The
D'Agostino-Pearson normality test showed that the lipidome data were non-parametric (p > 0.05)
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and could not be normalised with logarithmic transformation. Therefore, the Wilcoxon matchedpairs signed rank test was used to assess whether the mole percentage of each lipid class in the
sample varied after active or sham IPL treatment relative to baseline values. Data analyses were
performed using GraphPad Prism (Version 7.04, GraphPad Software Inc., USA), and a
p value < 0.05 was considered statistically significant.

9.1.3 Lipidome Data
Five nonpolar lipid classes: 1) cholesteryl ester (CE), 2) diglyceride (DAG), 3) triacylglyceride
(TAG), 4) wax ester (WE), 5) free cholesterol (Chl), and eight polar lipid classes: 1)
lysphosphatidylcholines (LPC), 2) lysophosphatidylethanolamine (LPE), 3) (O-acyl)-omegahydroxy fatty acids (OAHFA), 4) phosphatidylcholine (PC), 5) phosphatidylethanolamine (PE), 6)
phosphatidylserine (PS), 7) sphingomyelin (SM), 8) ceramide (Cer) were recorded by the mass
spectrometer for both groups of tear samples. However, the lower abundance lipid classes (CE,
OAHFA, PS) were not detected in more than 50% of the tear samples collected.

The tear lipidome profiles in Table 9.2 demonstrate no significant differences between the two
timepoints for either arm of the clinical trial (p > 0.05). However, WE, Chl, and SM lipid types did
show increases in the IPL treatment group at a less stringent significance level of 0.05 ≤ p < 0.10.

177

Table 9.2

Relative proportion of lipid classes in tear samples collected on Day 1 and Day 105 for Placebo and IPL treatment groups. Data are presented
as mean ± SD and median (interquartile range, IQR). Hashtags indicate near significant levels of difference between quantification values at
Day 1 and Day 105 (0.05 ≤ p < 0.10).
PLACEBO

Lipid Classes

Day

Mean ± SD

Median (IQR)

1

0.052 ± 0.134

0 (0-0)

CEa

INTENSE PULSED LIGHT
p value

Mean ± SD

Median (IQR)

0.0 ± 0.0

0 (0-0)

0.0 ± 0.0

0 (0-0)

0.025 ± 0.018

0.017 (0.011-0.043)

0.013 ± 0.012

0.009 (0.007-0.015)

2.399 ± 2.907

1.861 (0.420-2.889)

1.029 ± 0.811

0.674 (0.573-1.528)

59.04 ± 35.25

72.11 (24.86-85.55)

0.500
105

0.0 ± 0.0

0 (0-0)

1

0.016 ± 0.013

0.014 (0.009-0.016)

DAG

N/A

0.455
105

0.011 ± 0.009

0.011 (0.004-0.015)

1

1.160 ± 0.820

0.871 (0.482-1.975)

TAG

0.250

0.497
105

0.903 ± 0.750

0.796 (0.442-0.959)

1

84.02 ± 22.01

93.93 (75.45-96.58)

WE

0.359

0.055#

>0.999
105

84.62 ± 25.12

92.00 (86.04-96.10)

1

2.458 ± 4.302

1.331 (0.259-2.622)

Chl

80.21 ± 30.99

91.73 (80.09-95.06)

7.776 ± 7.86

3.291 (1.133-13.56)
0.074#

0.787
105

3.128 ± 4.221

1.307 (0.206-4.355)

1

0.873 ± 1.21

0.448 (0.298-0.756)

LPC

1.884 ± 1.469

1.431 (0.796-3.117)

2.173 ± 2.083

1.709 (0.631-3.257)

1.159 ± 1.724

0.530 (0.293-1.241)

10.22 ± 16.58

6.181 (0.323-13.31)

3.589 ± 5.236

1.912 (0.651-3.861)

0.787
105

0.955 ± 1.06

0.609 (0.297-1.301)

1

1.866 ± 3.254

0.678 (0.248-1.293)

LPE

0.203

0.414
105

1.211 ± 1.667

0.621 (0-2.054)

p value

0.496
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1

0.301 ± 0.721

0 (0-0.341)

OAHFAa
105

0.081 ± 0.194

0 (0-0.078)

1

0.404 ± 0.231

0.334 (0.248-0.505)

PC

0 (0-0.165)

0.095 ± 0.226

0 (0-0.087)

0.932 ± 0.836

0.547 (0.364-1.270)

0.377 ± 0.179

0.321 (0.206-0.543)

11.06 ± 30.22

0.368 (0.170-3.003)

11.19 ± 31.32

0.697 (0.487-1.276)

3.915 ± 11.74

0 (0-0)

0.016 ± 0.048

0 (0-0)

1.983 ± 3.788

0.676 (0.387-1.530)

0.750

0.636
105

0.381 ± 0.303

0.342 (0.132-0.580)

1

6.831 ± 20.53

1.189 (0.890-1.691)

PE

0.203

0.191
105

8.133 ± 26.66

0.915 (0.253-1.197)

1

1.35 ± 3.599

0 (0-0)

PSa

0.910

0.500
105

0.0 ± 0.0

0 (0-0)

1

0.616 ± 0.763

0.262 (0.228-0.810)

SM

>0.999

0.074#

0.946
105

0.568 ± 0.792

0.245 (0.152-0.505)

1

0.058 ± 0.128

0.010 (0.007-0.014)

Cer

0.428 ± 0.555

0.235 (0.174-0.360)

0.016 ± 0.016

0.012 (0.006-0.024)

0.009 ± 0.007

0.007 (0.003-0.013)

0.168
105

a

0.463 ± 1.267
0.438

0.007 ± 0.005

0.005 (0.003-0.009)

0.359

Indicates the lipid class was not detected in more than 50% of the tear samples collected.

Abbreviations:

CE,

Cholesteryl

ester;

Cer,

Ceramide;

Chl,

Free

cholesterol;

DAG,

Diglyceride;

LPC,

Lysophosphatidylcholine;

LPE,

Lysophosphatidylethanolamine; OAHFA, O-acyl-ω-hydroxy fatty acid(s); PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PS, Phosphatidylserine; SM,
Sphingomyelins; TAG, Triacylglyceride; WE, Wax ester.
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The mean relative proportion (mole %) of nonpolar and polar lipids in basal tears per class for each
time point are illustrated in Figure 9.1 and Figure 9.2, respectively. As expected, nonpolar lipids
formed the bulk of total lipids detected for both arms of the clinical trial (Figure 9.1). This was
predominantly wax esters, which averaged 77% of total lipidome composition across all 44 tear
samples in this study. Figure 9.2 reveals that PE was the most common polar lipid class, with other
lipid types making up the remaining composition being substantially lower in abundance. Between
Day 1 and 105, there were no significant differences in the tear lipid profiles for either study group
(p > 0.05). However, the active arm of the clinical trial did reveal a slight increase in WE, and
decrease in Chl and SM when compared to baseline values (0.05 ≤ p < 0.10). Interestingly, a
previous study conducted by Lam et al.524, 610 also observed an increasing molar fraction of WE in
the tear fluid lipidome of MGD patients who underwent 12 weeks of eyelid-warming therapy. It
should be noted that large standard error of the mean (SEM) error bars in these graphs is indicative
of inter-subject variability. Hence for the purpose of this study, relative proportions of lipids rather
than absolute molar concentration were used for comparative analyses.

Figure 9.1

Relative proportion of nonpolar lipids in tears per class for each study group at two
timepoints. Lipidomics data are expressed as mean ± SEM. Hashtags indicate
near significant levels of difference between quantification values at Day 1
and Day 105 (0.05 ≤ p < 0.10). Inset chart is a magnified view of the larger graph
for lipid classes with a proportion below 10%. CE was not included in this figure
due to detection in a minimal number of tear samples.
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Figure 9.2

Relative proportion of polar lipids in tears per class for each study group at two
timepoints. Lipidomics data are expressed as mean ± SEM. Hashtags indicate
near significant levels of difference between quantification values at Day 1 and
Day 105 (0.05 ≤ p < 0.10). OAHFA and PS were not included in this figure due to
detection in a minimal number of tear samples.

Surprisingly, cholesteryl ester (CE) was detected in only two of the 44 tear samples. This was in
contrast to previous studies which observed CE as one of the most abundant lipid types present in
human meibum and whole tear fluid.99, 109, 522 Although care was taken not to induce reflex tearing
during the collection process, some interference may have inadvertently occurred because reflex
tears sourced from the lacrimal gland do not contain CE,611 and an overabundance of aqueous
could have “washed away” the lipid. Sample handling and storage are also very important in
studying tear lipids.191 Whilst every attempt was made to maintain tear samples at -20oC during
shipment from University of Auckland to University of New South Wales, temperature fluctuation
during the journey could have affected the results. Furthermore, the cohort of participants recruited
in this study were older patients who suffered from varying degrees of evaporative dry eye (EDE),
whereas patients recruited by Brown et al. were aged between 20 and 35 years with no history of
ocular surface disease.524 Logically, obstructive MGD would diminish the release of oily meibum
onto the ocular surface, therefore collecting whole tear samples from this patient group may result
in sampling insufficient quantities of lipid for MS analysis.
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9.1.4 Effect of IPL on Tear Film Lipidome
This is the first study to explore biochemical changes in the lipidome of basal tear samples collected
before and after IPL treatment. As described in Chapter 1 and Chapter 7, MG lipids form the
superficial layer of the tear film and provide important protective functions by retarding transmission
of water vapour and reducing friction forces between the inner eyelid surface and cornea. 117, 612 The
mode of meibum production is holocrine, therefore individual cells containing polar and nonpolar
lipids are excreted in toto with the cell membrane.96, 97 The analysis gathered from 44 tear samples
indicate that tear film lipids was comprised of approximately 80% nonpolar lipids including WE, CE,
TAG and DAG, which are all known to be synthesised by the MGs. 193 The results also revealed
that relative proportion of nonpolar lipids in tears per class were not significantly different between
Days 1 and 105 in each study group. However, the reduction of Chol (p = 0.074) and increase in
WE on Day 105 (p = 0.055) relative to baseline proportions reached near levels of statistical
significance in participants who underwent IPL therapy. Nonpolar lipids are very hydrophobic, their
primary function is to form a water barrier and lubricate the inner eyelid surface during blinking.522,
613

However in cases of MGD, bacterial lipase and esterase can alter meibum molecular structure,

leading to inspissation, orifice plugging and consequently increased tear evaporation.44 Bacterial
lipase catalyse the hydrolysis of MG lipids to form Chol and free fatty acids, 155, 250 that can be toxic
at elevated levels.157 Some in vitro studies have also shown that increased levels of Chol in the
tears can disrupt and destabilise the TFLL.158, 614 Therefore the trend towards reduction of Chol and
increase in WE levels after IPL suggest the therapy may have a positive effect on the tear film
lipidome. It should be highlighted that there were no appreciable amounts of Cer in any of the
samples. Cer is a typical marker of skin cells,609 its virtual absence in the preparations gave
assurance the samples were not contaminated by skin lipids.

Regarding polar lipid classes, relative proportions detected in tears per class showed no significant
changes between Days 1 and 105 in either study group. However, in participants who underwent
active IPL therapy, there was a reduction of SM (p = 0.074) on Day 105 that reached near
significance, and may have reached significance with a larger sample size. Polar lipids are critical
amphiphilic components of the TFLL, they form a sublayer below the nonpolar lipids to aid the
spreading and stability of the TFLL across the mucoaqueous phase. 102 Patients with chronic MGD
show distinct polar lipid differences, including decreased amounts of OAHFA, 610 PE and SM.175
Loss of these constituents disrupt the structural organisation of the overlying nonpolar lipids, and
can result in tear instability, uneven spreading of the TFLL and increased mucoaqueous
evaporation.192 Hence mild reduction of SM noted in this pilot study may be adverse to the
amphiphilic tear film lipid sublayer. However, Ham et al. observed higher concentrations of SM in
the tears of DED rabbits compared to normal,615 and an in vitro study revealed that excess SM
levels can lead to repulsion of lipid molecules at the mucoaqueous lipid interface. 616 MGs are
holocrine glands, therefore SM production arises from the membrane of the individual cells. 102, 522
Perhaps the secretory rate of MGs was affected by intervention, but given the more abundant polar
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lipids remained unchanged, whether this mild SM reduction has any overall effect on the function
of polar lipids in the TFLL remains to be elucidated.
In contrast to studies which characterised tear lipidome from healthy subjects, 99, 109, 611 low signals
of CE and OAHFA were detected from current samples. This may be partly accounted by the
different study population.101 Lam et al. demonstrated that OAHFA levels were diminished in the
tear film of DED patients, which is in line with their proposed physiological role in stabilising the
precorneal tear film.610 Furthermore, the activity of secretory phospholipase A2 is enhanced in the
tear film of subjects with compromised ocular surface.617, 618 This enzyme hydrolyses phospholipids
such as OAHFA to release free fatty acids (including arachidonic acid) and lysophospholipids,619
thus reducing the detectability of intact OAHFA in the current experiment. This phenomenon may
also link to symptoms of irritation experienced by DED sufferers,585 whereby the production of
arachidonic acid metabolites such as prostaglandins can result in hyperalgesia via sensitisation of
afferent pain receptors to chemical and mechanical stimulation, as well as enhancing the painproducing effects of other inflammatory mediators such as bradykinin and histamine.620 Lam et al.
also noted there were significant compositional alterations in tear lipids with varying amounts of
total lipids detected, leading the authors to conclude it is the quality rather than the quantity of
meibum that could be contributing to the pathogenesis of MGD.524 Of particular interest is the
observation by Lam et al. that significantly lower molar fractions of CEs were measured in
participants assigned to the low-lipid group compared to moderate and high-lipid groups (group
stratification based on the total absolute concentrations of lipids detected and using the first and
third quartiles as cut-offs). This provides a possible explanation why weak CE signals were detected
from current whole tear samples, given the clinical characteristics of obstructive MGD participants
in this cohort.

Another factor that may contribute to the poor detection of CE and OAHFA is the material of the
instruments used to collect tear samples. Recently, Ngo et al. observed that tear fluid collected
using polytetrafluoroethylene was associated with higher values of OAHFA and CE than that of
glass microcapillaries when measured using electrospray ionisation mass spectrometry (MS). 621
Ngo et al. hypothesised that the discrepancy is attributed to the speed of capillary action for glass
in the uptake of tear fluid, which hinders its ability to attract lipid. Conversely, the hydrophobic nature
of polytetrafluoroethylene allows it to selectively attract lipids while simultaneously repelling water,
leaving a higher concentration of lipids within the tube. The internal standards for OAHFA and CE
were detected in all the samples and the intensity of the signals was similar to those from samples
from previous studies that were ran on the same instrument. This means that there can be
confidence that the lipid extraction process was performed correctly, and the MS was properly
calibrated to detect the lipids. Lastly, another contributing factor could be that reflex tearing
occurred during sample collection, diluting the basal tears so that the level of OAHFA and CE
dropped below the limit of detection for the MS.
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9.2

Ocular Inflammatory and Goblet Cell Function Biomarkers

As previously discussed in Chapter 1, several speculative mechanisms have been suggested to
explain IPL’s therapeutic effect on EDE. One such hypothesis is that IPL treatment provides
patients reprieve from inflammatory and neurogenic pain.282, 398 However, there is sparse research
evidence quantifying the reduction of specific ocular biomarkers post-IPL therapy to validate this
theory.282 Described in Sections 9.2 and 9.3 are the results from one of the first studies to use qPCR
quantification (methodology based on Craig et al. 368) of inflammatory, goblet cell function and
neuropeptide biomarker expressions of conjunctival cells collected via impression cytology (IC).

9.2.1 RNA Yield, Quality and Inhibition
Conjunctival IC samples were collected from 86 subjects on Days 1 and 105 of the clinical trial,
totalling 172 samples for qPCR analyses. The average (mean ± SD) RNA yielded amongst all
samples was 14.1 ± 5.3 ng/µl (NanoDrop™ 2000C, Thermo Fisher Scientific, USA). Retrospective
RNA quality analysis on a representative selection of RNA samples was performed with Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA integrity numbers (RIN) were
all ≥ 7 and considered suitable for downstream analysis (Table 9.3).622
SPUD inhibition assay558 results demonstrated that no inhibitors were present in the extracted RNA
after the initial processes of IC sample collection, on-column RNA extraction and DNase I
treatment. Therefore, all 172 samples were deemed to be of suitable quality to proceed to cDNA
synthesis with the knowledge that PCR efficiency would not be hindered during the target
amplification process.
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Table 9.3

RIN of representative RNA samples determined by Agilent 2100 Bioanalyzer.
RNA Extraction No.

RIN

1

8.4

2

8.7

3

9.1

4

9.8

5

9.3

6

9

7

8.6

8

7.2

9

8.8

10

8.6

11

9.5

12

8.7

13

9.6

14

9.7

15

9.4

16

9.5

17

9.7

18

9.2

19

9.3

20

9.6

21

7.7

22

8.9
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9.2.2 Standard Beta-Actin PCR
Beta-Actin PCR was performed on all cDNA samples to confirm successful reverse transcription
had taken place. Figure 9.3 shows a typical agarose gel produced after resolving the PCR products
using gel electrophoresis. cDNA samples loaded into lanes 2-14 demonstrate a band between
200-300 base pairs (bp), confirming the presence of Beta-Actin amplicon at 224 bps. cDNA derived
from corneal DNA served as the positive control in lane 17, accounting for the band between 200300 bps. A positive control was included in every PCR reaction to ensure the process had worked
correctly in the presence of a template known to contain the target sequence. No bands were
present from wells loaded with no-reverse transcriptase controls (lanes 15-16) and no-template
controls (lanes 18-19), the absence of Beta-Actin amplicons confirming that exogenous DNA had
not contaminated the samples during PCR setup or cDNA synthesis.

Figure 9.3

Agarose gel of PCR amplicons generated using Beta-actin specific primers. cDNA
study samples were run in lanes 2-14, no reverse transcriptase (RT) controls in
lanes 15-16, positive control in lane 17, and negative controls in lanes 18-19.

9.2.3 Normfinder Analysis Results
All cDNA samples were assayed to quantify the expression of eight reference genes. Gene copy
numbers within each sample were calculated from Ct values obtained after each run. The
Normfinder algorithm was applied to determine the most stably expressed reference gene, or
combination of reference genes, within the study sample. Table 9.4 shows that the combination of
GUSB and RPLP0 produced the best stability value (0.031). The geometric mean of GUSB and
RPLP0 data was thus subsequently used for normalisation and relative quantification of the three
target genes.
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Table 9.4

Results of the Normfinder algorithm for IPL clinical trial. Eight reference genes
were tested in the study samples, with the combination of GUSB and RPLPO
showing the best stability value of 0.031.

Gene Name

Stability Value

Best Gene

Stability Value

Beta-Actin

0.195

GUSB

0.043

B2M

0.098

HPRT1

0.098

Best Combination

Stability Value

TBP

0.061

GUSB and RPLP0

0.031

GUSB

0.043

PPIA

0.134

POLR2A

0.101

RPLP0

0.081

Intragroup Variation

Intergroup Variation

Group Identifier

Day 1

Day 105

Day 1

Day 105

Beta-Actin

0.359

0.227

0.156

-0.156

B2M

0.149

0.136

-0.050

0.050

HPRT1

0.270

0.212

0.035

-0.035

TBP

0.115

0.110

-0.013

0.013

GUSB

0.016

0.015

-0.025

0.025

PPIA

0.121

0.123

-0.093

0.093

POLR2A

0.201

0.114

-0.051

0.051

RPLP0

0.083

0.089

0.041

-0.041

Abbreviations: B2M, Beta-2 microglobulin; GUSB, Glucuronidase beta; HPRT1, Hypoxanthine
phosphoribosyl transferase 1; POLR2A, Polymerase II subunit A; PPIA, Peptidylprolyl isomerase A;
TBP, TATA-box-binding protein; Ribosomal protein large P0, RPLP0.
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9.2.4 Baseline Target Gene Expression
The mean calibrated normalised relative quantity (CNRQ) of target genes at baseline was
compared between participants allocated to Placebo and IPL treatment groups. Raw CNRQ values
were found to be positively skewed for all target genes. Therefore, data were logarithmically
transformed, satisfying the Kolmogorov-Smirnov normality test (p > 0.05), before analysis. A oneway ANOVA was performed using GraphPad Prism (Version 7.04, GraphPad Software Inc., USA),
and a p value less than 0.05 was considered significant.

Table 9.5 shows that the CNRQ values for MMP-9 and IL-6 were comparable between the study
groups at baseline, but MUC5AC was significantly different (p = 0.039). Post-hoc analysis (Tukey's
multiple comparisons test) revealed that MUC5AC expression was significantly higher in the
5 Flashes group compared to placebo control (p = 0.039). As described in Chapter 1, previous
studies have demonstrated that ocular surface MUC5AC expression is dampened in the presence
of DED,540 thus signifying poor goblet cell function.623 This reduction has also been demonstrated
in conjunctival IC samples from Sjögren's patients compared to age-matched normal individuals,541
and in the decreased concentration of MUC5AC proteins measured in tear fluid samples collected
from undifferentiated DED patients compared against gender and age-matched healthy controls.535
However, conflicting evidence in literature exist in relation to other subtypes of DED, particularly in
MGD cohorts in which MUC5AC expression was higher compared against healthy controls.624, 625
More on this discrepancy in relation to current study findings is discussed later in Section 9.3.3.

Table 9.5

Comparison of baseline CNRQ values of target genes between treatment groups.
Data are presented as median (interquartile range, IQR). Asterisks denote
statistical significance (p < 0.05).

Target Gene
MUC5AC

MMP-9

IL-6

Placebo

4 Flashes

5 Flashes

0.155

0.169

0.258

(0.097-0.243)

(0.123-0.362)

(0.189-0.426)

6.14 x 10-5

8.30 x 10-5

3.75 x 10-5

(2.52 x 10-5 -

(2.43 x 10-5 -

(1.19 x 10-5 -

2.26 x 10-4)

2.37 x 10-4)

1.53 x 10-4)

5.05 x 10-4

8.02 x 10-4

5.07 x 10-4

(1.47 x 10-4 -

(3.30 x 10-4 -

(1.34 x 10-4 -

1.84 x 10-3)

1.65 x 10-3)

2.03 x 10-3)

p value
0.039*

0.461

0.567

Abbreviations: IL-6, Interleukin-6; MMP-9, Matrix metalloproteinase-9; MUC5AC, Mucin-5AC.
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9.2.5 Target Gene Expression
Table 9.6 outlines the median CNQR values (IQR) at baseline and exit exam for the three treatment
groups. Two-way repeated measures ANOVA was performed on post-log transformed data to
assess the effects of treatment, time and interaction (treatment-by-time).
Table 9.6

Comparison of relative MUC5AC, MMP-9 and IL-6 expression between treatment
groups. CNRQ data are presented as medians (IQR). Asterisks denote statistical
significance (p < 0.05).

MUC5AC
p value
Day 1

Day 105

Placebo

0.155 (0.097-0.243)

0.205 (0.119-0.310)

4 Flashes

0.169 (0.123- 0.362)

0.194 (0.147-0.280)

5 Flashes

0.258 (0.189- 0.426)

0.188 (0.103-0.401)

Day 1

Day 105

Treatment

Time

Interaction

0.422

0.336

0.023*

MMP-9
p value

Placebo

6.14 x 10-5

5.46 x 10-5

(2.52 x 10-5 -

(3.03 x 10-5 -

2.26 x

4 Flashes

5 Flashes

10-4)

1.21 x

Treatment

Time

Interaction

0.681

0.600

0.138

10-4)

8.30 x 10-5

5.19 x 10-5

(2.43 x 10-5 -

(2.12 x 10-5 -

2.37 x 10-4)

1.48 x 10-4)

3.75 x 10-5

5.26 x 10-5

(1.19 x 10-5 -

(1.86 x 10-5 -

1.53 x 10-4)

1.58 x 10-4)

Day 1

Day 105

IL-6
p value

Placebo

5.05 x 10-4

5.20 x 10-4

(1.47 x 10-4 -

(1.12 x 10-4 -

1.84 x

4 Flashes

10-3)

2.33 x

Treatment

Time

Interaction

0.561

0.645

0.896

10-3)

8.02 x 10-4

6.49 x 10-4

(3.30 x 10-4 -

(1.61 x 10-4 -

1.65 x 10-3)

1.37 x 10-3)
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5 Flashes

5.07 x 10-4

3.30 x 10-4

(1.34 x 10-4 -

(1.37 x 10-4 -

2.03 x 10-3)

1.47 x 10-3)

Abbreviations: IL-6, Interleukin-6; MMP-9, Matrix metalloproteinase-9; MUC5AC, Mucin-5AC.

MUC5AC Expression
Figure 9.4 illustrates the median MUC5AC CNRQ data at the beginning and end of the trial amongst
the three treatment groups. Two-way repeated measures ANOVA of log transformed data found
there was significant interaction between treatment and time (p = 0.023). Post-hoc multiplicityadjusted Tukey’s test revealed the significance was caused by baseline differences between
placebo and 5 Flashes group (p = 0.036), which was previously mentioned in Section 9.2.4.
Although MUC5AC expression in Figure 9.4 appears to a slight decrease between Days 1 and 105
in the 5 Flashes group, further inspection with two-tailed paired samples t test indicate that gene
expression was not significantly different before and after IPL therapy (p = 0.066).

Figure 9.4

Relative MUC5AC expression on Days 1 and 105 for each study group. CNRQ
data are presented as medians, error bars represent IQR. Asterisks denote
statistically significant differences (p < 0.05).

MMP-9 Expression
Figure 9.5 illustrates the median MMP-9 CNRQ data at the beginning and end of the trial amongst
the three treatment groups. Two-way RM-ANOVA of log transformed CNRQ data resulted in no
significant effects of treatment (p = 0.681), time (p = 0.600) or interaction (p = 0.138) between the
compared groups. Two-tailed paired samples t test also found no significant difference in the
relative expression of MMP-9 between Days 1 and 105 for all study groups (p > 0.05).

190

Figure 9.5

Relative MMP-9 expression on Days 1 and 105 for each study group. CNRQ data
are presented as median, error bars represent IQR.

IL-6 Expression
Figure 9.6Figure 9.6 illustrates the median IL-6 CNRQ data at the beginning and end of the trial
amongst the three treatment groups. Two-way RM-ANOVA of log transformed CNRQ data resulted
in no significant effects of treatment (p = 0.561), time (p = 0.645) or interaction (p = 0.896) between
the compared groups. Two-tailed paired samples t test also found no significant difference in the
relative expression of IL-6 between Days 1 and 105 for all study groups (p > 0.05).

Figure 9.6

Relative IL-6 expression on Days 1 and 105 for each study group. CNRQ data are
presented as median, error bars represent IQR.
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9.3

Ocular Neuropeptide Biomarkers

9.3.1 Baseline Target Gene Expression
In this exploratory analysis, the mean CNRQ of target genes at baseline was compared between
Placebo and IPL treatment, however in many samples the relative expression of target genes was
too low to be detected by the current qPCR technique. Hence, dataset from the active arms of the
clinical trial (4 Flashes and 5 Flashes) were combined to improve statistical power. Datasets were
logarithmically transformed and confirmed as satisfying the Kolmogorov-Smirnov normality test
before analysis. Results from one-way ANOVA analysis in Table 9.7 revealed no appreciable
difference in the relative expression of VIP, TAC1 and CALCA genes for the treated vs. untreated
groups (p > 0.05). All statistical analyses were conducted using GraphPad Prism (Version 7.04,
GraphPad Software Inc., USA) and the significance level was set at p < 0.05.

Table 9.7

Comparison of baseline CNRQ values of target genes between treatment groups.
Data are presented as median (IQR).

Neuropeptide
Vasoactive intestinal
polypeptide

Substance P

Calcitonin gene-related
peptide

Gene Name

VIP

Placebo

IPL

4.65 x 10-2

4.49 x 10-3

(1.00 x 10-3 -

(1.57 x 10-3 -

9.20 x

TAC1

CALCA

10-2)

4.98 x

p value

9.59 x 10-4

6.47 x 10-4

(2.85 x 10-4 -

(2.57 x 10-4 -

1.80 x 10-3)

1.01 x 10-3)

3.40 x 10-3

1.46 x 10-3

(2.88 x 10-4 -

(2.04 x 10-4 -

4.07 x

10-2)

2.81 x

0.800

10-3)

0.732

0.486

10-3)
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9.3.2 Target Gene Expression
Table 9.8 outlines the mean CNQR values at baseline and Day 105 for the compared groups, it
also includes p values from one-way ANOVA or Kruskal-Wallis analysis depending on whether the
dataset satisfied Kolmogorov-Smirnov normality test (post-log transformation).

Table 9.8

Comparison of relative VIP, TAC1 and CALCA gene expression between various
treatment groups. CNRQ data are presented as median (IQR).

VIP

Placebob

IPLb

Day 1

Day 105

p value

4.65 x 10-2

2.19 x 10-3

0.375

(1.00 x 10-3 - 9.20 x 10-2)

(3.99 x 10-4 - 3.87 x 10-3)

4.49 x 10-3

1.21 x 10-3

(1.57 x 10-3 - 4.98 x 10-3)

(7.74 x 10-5 - 2.34 x 10-3)

Day 1

Day 105

9.59 x 10-4

7.81 x 10-4

TAC1

Placebo

IPL

(2.85 x

10-4 -

1.80 x

10-3)

(3.12 x

10-4 -

p value
0.374
1.60 x

10-3)

6.47 x 10-4

5.86 x 10-4

(2.57 x 10-4 - 1.01 x 10-3)

(3.22 x 10-4 - 8.13 x 10-4)

CALCA
Day 1

Placebob

IPLb
b

Day 105

3.40 x 10-3
(2.88 x 10-4 - 4.07 x 10-2)

p value
6.82 x 10-4

0.353

(1.22 x 10-4 1.76 x 10-3)

1.46 x 10-3

2.61 x 10-4

(2.04 x 10-4 - 2.81 x 10-3)

(6.53 x 10-5 - 5.91 x 10-4)

Indicates the target gene was not detected, or the expression levels were too low to be detected

by current qPCR setup in more than 50% of the IC samples collected.
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TAC1 Expression
Figure 9.7 illustrates the median TAC1 CNRQ data at the beginning and end of the trial between
the active and placebo arms. One-way ANOVA of log transformed data found no significant
interaction effect of treatment and time between the compared groups (p = 0.374). Two-tailed paired
samples t test also revealed no significant difference in the relative expression of TAC1 between
Days 1 and 105 for all study groups (p > 0.05).

Figure 9.7

Relative TAC1 expression on Days 1 and 105 for each study group. CNRQ data
are presented as median, error bars represent IQR.

VIP and CALCA Expression
Unfortunately, the majority of samples in the IPL study did not express VIP and CALCA, or the level
of gene expression was too low to be detected by current qPCR setup. The resultant small dataset
prevented meaningful analyses due to statistical power failure. This is the first study to use qPCR
quantification of neuropeptide marker expression via conjunctival IC samples. Given this technique
was optimised for quantifying inflammatory biomarkers,222, 368 approaches to refining the protocol
for neuromediator biomarkers are discussed in the section below.
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9.3.3 Effect of IPL on Inflammatory and Neuropeptide Biomarkers
There were no significant differences in the relative expression of goblet cell function marker
(MUC5AC) or inflammatory markers (MMP-9, IL-6) with IPL intervention from baseline to exit exam,
or between placebo-control and active treatments at the endpoint. Of the three genes of interest
investigated as direct and indirect inflammatory markers in this study, MUC5AC proved to be the
easiest to quantify across all samples, likely due to its abundance and stability. Conjunctival goblet
cells produce soluble mucins such as MUC5AC that stabilise the precorneal tear layer, thus cellular
gene expression can be quantified as a marker of goblet cell density and function. 626, 627 This
biomarker is considered a useful indication of the homeostasis status of the eye because ocular
surface inflammation and hyperosmotic stress can compromise goblet cell integrity.623 Clinical
sequelae of this may include tear film instability, tear hyperosmolarity, activation of the inflammatory
cascade and subsequent epithelial cell apoptosis.628 The absence of change in MUC5AC
expression following therapy appears to suggest IPL does not directly or indirectly affect the
function of bulbar conjunctival goblet cells. Interestingly, as previously mentioned in Section 9.2.5,
investigation of MUC5AC expression in MGD related dry eye (mild-moderate severity) found the
number of conjunctival mRNA transcripts for MUC5AC protein were higher compared to ADDE,
and that cellular mRNA or tear levels were not significantly different from normal controls.625 It has
been suggested that an increase in mucin levels associated with mild DED symptoms may occur
as a compensatory response to early stages of inflammation.624 Hence one perspective with which
to view the mild reduction in MUC5AC expression in the current trial is that IPL improved ocular
surface homeostasis in the 5 Flashes group, therefore diminishing the compensatory response
from conjunctival goblet cells consequent to improvement in subclinical inflammation. In literature,
differences in observation of MUC5AC expression resulting from DED may be due to the variation
of dry eye subtypes in the study populations, severity of disease and measurement techniques.
Significant impairment to goblet cell function tend to be demonstrated in ADDE,541 or participant
cohorts with moderate to severe disease.535 Given that subjects enrolled in the current IPL trial
comprise mostly of mild to moderate EDE, perhaps changes in goblet cell function, i.e. MU5AC
mRNA levels, do not occur until later stages of DED. In essence, if patients began the study with
near-normal baseline values, there is “little room” for improvement and this may explain the lack of
apparent effect IPL had on MU5AC mRNA expression.

As discussed in Section 7.1.2, MMP-9 is part of a family of matrix-degrading enzymes that function
in normal physiological processes of tissue remodelling. 629 It is the primary matrix degrading
enzyme produced by basal corneal epithelial cells and neutrophils,141, 630 and is understood to play
a pathological role in the feedback loop which upregulates progressive inflammatory responses to
MGD.23 Elevated concentrations of MMP-9 have been associated with ocular rosacea, 631 and
contribute towards the disruption of epithelial cell layers by the cleavage of occludin and zonula
occludens-1 (components of corneal epithelial tight junctions). 533,

632

MMP-9 release can be

triggered by tear film hyperosmolarity-induced stress-activated protein kinase signalling
cascades.46 Given tear osmolarity levels did not significantly differ throughout the trial, it lends
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support in the context of disrupting the Vicious Circle of DED, that there is not an overwhelming
evidence of reduced MMP-9 biomarker expression after IPL therapy. However, a complete absence
of effect cannot be guaranteed due to the small sample size and low levels of target gene detection,
bearing in mind this study was powered according to clinical metrics rather than the lab metrics. In
the study by Liu et al.282 in which the authors detected a significant decline in tear inflammatory
markers compared to baseline values, the inconsistency in outcomes may be the employment of
different measurement technique (ELISA vs qPCR) and the larger sample size in Liu et al.’s pairedeye trial (n = 44). Regarding the current IPL study, the follow-up period may also have been
insufficient to detect long-term inflammatory effects given the release of mediators such as T cells,
cytokines, and chemokines are fairly downstream components of DED pathogenesis. 506 Moreover,
the lack of evident reduction in MMP-9 expression with intervention is also a finding observed by
Albietz et al., who measured no change to tear film MMP-9 levels using a point-of-care
immunoassay (InflammaDry; Rapid Pathogen Screening Inc., Sarasota, Florida, USA).300 Ocular
surface inflammation can appear to be absent or subclinical, especially in patients with mild cases
of DED.23, 527 Therefore the lack of evident change to the immune homeostasis of the eye may
again be the result of near-normal baseline, with less potential to detect an improvement in the
ocular surface inflammation post-IPL therapy. When a subset of study participants who scored
above 22 on OSDI index at Day 1 were compared, no significant differences were detected between
treated (4 Flashes and 5 Flashes) and placebo groups, however the sample size was small and
likely underpowered.

Tear cytokines are a diverse family of proteins/peptides/glycoproteins produced by cells of the
immune system to maintain a healthy ocular surface. 109, 110 IL-6 is one of several proinflammatory
cytokines observed in the tear film,143, 207, 633 and its expression has been found to be upregulated
by desiccation stress on corneal epithelial cells in rat DED models.122 Regulation of IL-6 expression
in conjunctival cells did not vary after IPL therapy, and this finding might be expected given
measures of ocular surface desiccation such as TMH, NIKBUT and tear osmolarity were largely
unaffected throughout the trial. Overall, laboratory findings agree with clinical indicators of ocular
surface inflammation,23 i.e. bulbar conjunctival hyperaemia, lid margin telangiectasia, which
remained unchanged in all study groups during the trial. These findings contrast with Albietz et al.300
who observed significant improvement in limbal and lid margin redness compared to baseline
measurements, but the authors performed their study on a cohort of moderate-severe EDE patients
who displayed more acute signs of inflammation at baseline and thus had greater potential to
achieve a demonstrable positive outcome. Liu et al.282 also noted inflammatory markers declined
in value compared to baseline, and that IL-17A and IL-6 showed statistically significant decreases
compared to sham treatment at each measured timepoint. However, IPL treatment was
administered in combination with therapeutic MG expression in both studies and different methods
of data collection were used. Liu et al. collected flush tear samples, then measured cytokine
concentrations using a multiplex immunobead assay and flow cytometry. Meanwhile Albietz et al.
graded conjunctival redness subjectively based on Efron grading scale,435 whereas the current
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study scored bulbar redness using an inbuilt K5M software (JENVIS grading scale) and is therefore
an observer-independent parameter.

Regarding neuropeptide markers (VIP, TAC1, CALCA), the final sample size was limited due to low
expression levels and this resulted in the experiment being inadequately powered to detect a “true
difference” between placebo and active treatment. Measuring mRNA expression levels of
neuropeptides from conjunctival cells have not been used in prior publications. Previous research
into the role of neuropeptides at the ocular surface mostly relied on immunohisto- and
immunocytochemical techniques to detect nerve fibres that were immunoreactive for neuropeptides
of interest,634 or enzyme-linked immunosorbent assay to measure tear levels of neuromediators.366
To our knowledge, this is the first study to explore gene expression profiles of neuropeptide
mediators of conjunctival cells following IPL tratment. Nerve fibres surround MGs, which suggests
meibum synthesis and secretion may be under neurogenic control through direct innervation of the
acini or via indirect regulation of the MG microvasculature. 193 In this study, inferior bulbar
conjunctival cells were collected at baseline and at the exit exam for comparison of mRNA
expression of neuropeptide-associated mediators. Specially designed commercial assays
(PrimeTime™) were pre-validated by the manufacturer to contain the appropriate mixture and
concentrations of primer and probe DNA sequences to enable PCR amplification of the target
genes. Due to the exploratory nature of this study, target gene expression levels were very low or
absent. Among the 172 IC samples analysed, only 7% expressed VIP, 38% expressed TAC1
(associated with Substance P), and 9% expressed CALCA (associated with CGRP) genes.
Therefore due to insufficient data, it remains inconclusive whether neurobiology of the MGs and
ocular surface is involved in the mechanism of action for IPL therapy. Given the current real-time
qPCR quantification method was validated to detect inflammatory biomarkers, 368 it was initially
unclear whether the lack of detection was due to the absence of mRNA expression or whether it
highlighted that the methodology was insufficiently sensitive to detect such small quantities.
Subsequent literature search suggests that in samples with low levels of nucleic acids, droplet
digital PCR can produce more precise, reproducible and statistically valid results required for
publication quality data.635 However, due to budget and time constraints, only two sets of pre and
post-treatment cDNA samples were analysed by droplet digital PCR. The calculated copy numbers
were similarly low, suggesting other avenues may need to be explored to optimise the technique
before meaningful results can be achieved.
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9.4

Conclusions

The principle of selective photothermolysis discussed in Chapter 3 is considered fundamental to all
IPL systems.298, 299 The E>Eye device employs a 580 nm high-pass absorption filter to restrict broad
spectrum, noncoherent, polychromatic light with a 580-1200 nm spectral range.387 Potential
mechanisms of action of IPL for treating EDE were discussed in Section 3.3.2. It was proposed that
selective ablation of abnormal telangiectatic vessels, observed as a reduction in erythema local to
the eye area295, 296 might decrease inflammatory mediator levels around the MGs, thus helping to
break the “vicious circle” of DED. However, the laboratory outcomes from this thesis identified no
within-group or between-group differences for any of the classical markers of ocular surface
inflammation (i.e. bulbar conjunctival redness, lid margin telangiectasia), nor expression levels of
neuroinflammatory biomarkers. But a caveat must be made before dismissing support for this
hypothesis, the low sample size and exploratory nature of the experiment meant the methodology
may not have been sensitive enough to detect it.

The softening and melting range of meibum lipids is reported to be in the region of 15-34°C,
depending on the ratio of lipid species.523 Different types of lipids vary in melting point, from free
fatty acids that melt at approximately 9°C, to Chol at 148°C, and steryl and wax esters that melt
between 25 and 44°C.636 Lipidomic data demonstrated there was a mild reduction in Chol and
increase in WE in the active arms of the clinical trial, so it is possible that modification of ester
fractions could partly have contributed to the improvement in DED, 160 and might explain why those
improvements extended beyond cessation of IPL treatment on Day 75. Subcutaneous delivery of
thermal energy from E>Eye IPL may improve MG function by normalising TFLL biochemistry. The
mechanism through which IPL could influence lipid composition requires further investigation, but
the potential change in lipidome biochemistry is an interesting link to clinical and subjective
observations discussed in Chapter 8.

9.4.1 Study Limitations
Clinical signs and symptoms often do not correlate in DED,25 therefore novel diagnostic metrics
evaluated against traditional signs such as LLG and NIKBUT may result in an apparently poor
performance. For example, Schargus et al. concluded that within mild DED tear osmolarity tends
to be a more frequent early indicator of ocular surface disequilibrium, whereas MMP-9 is rarely
elevated because it is a late-stage disease sign.637 Moreover, Zhang et al. observed there were
weak associations between symptomatic disease severity with decreased levels of mucin and
overexpression of IL-6.540 Given the majority of participants (59%) evaluated at baseline scored
less than 33 on OSDI and therefore categorised as mild-moderate DED, this offers a potential
explanation for IPL’s apparent lack of effect on inflammatory biomarkers because there was little
room for improvement from “no inflammation” at baseline.432 To improve the strength of future
study outcomes, participants should be recruited from a moderate-severe MGD cohort confirmed
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to exhibit ocular surface inflammation at baseline using a point-of-care immunoassay (InflammaDry,
Rapid Pathogen Screening Inc., Sarasota, Florida, USA) as a gross assessment before more
sensitive laboratory techniques are applied.

Regarding neuropeptide biomarkers, cells in this current study were sampled from inferior temporal
bulbar conjunctiva. The ideal collection point for the biomarkers might be the cornea given its status
as the most densely innervated tissue within the human body, but this is not possible without risk
of substantial damage to the eye.638 Previous studies have found that CGRP, SP and VIP
immunoreactive nerve fibres in humans, associated with MG acini,549,

555

are more densely

innervated at the lid margin conjunctiva.550 Therefore, a recommended approach for future research
exploring neuroinflammatory effects of a novel DED therapy would be to collect lid margin IC
samples. Cell samples from the lid margin have already been validated to be effective for real-time
qPCR analysis of inflammatory markers,142 and may prove to be more effective at detecting
neuromediator target genes. Furthermore, all mRNA samples should be checked for integrity before
proceeding to cDNA synthesis, and in the event of samples containing low copies of target genes,
droplet digital PCR should be utilised instead of qPCR to produce more precise, reproducible and
statistically valid results.635 In relation to future lipidomic analysis, consideration should be made to
identify lipids on a species level for more insightful data. To address the issue of sample dilution
from reflex tearing during tear collection process, flow rate needs to be more closely monitored,
and only samples with a flow rate of less than 2 µl/minute should be considered as representative
of basal tears.261
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PART III

CHAPTER 10

CHAPTER 10. SUMMARY AND CONCLUSIONS
10.1 Overview
This chapter summarises the key findings of the thesis relative to the aims and objectives outlined
in Chapter 1. As discussed in the literature review, growing research and clinical interest in
developing novel therapies for effective relief of recalcitrant evaporative dry eye (EDE) has led to
refinements in the safety of periocular intense pulsed light (IPL) application. 293, 387 Consistent with
evidence from retrospective reviews,288 Craig et al. confirmed in a prospective, paired-eye, doublemasked, placebo-controlled pilot study that IPL therapy effected significant cumulative
improvements in the signs and symptoms associated with meibomian gland dysfunction (MGD). 275
The impetus for the current thesis arose from the authors’ postulation that positive outcome
measures maybe conservative in some ways (due to no therapeutic expression post-treatment and
limited trial duration) but overestimated in other ways (due to the measurement of outcomes
immediately post-treatment). Therefore, the need for a more robust and well-designed trial was
required to increase the scientific validity of outcomes. Currently there is limited data on the ocular
effects of IPL measured using contemporary instruments such as in vivo confocal microscopy
(IVCM), and whether these findings correlate with traditional diagnostic techniques used to
substantiate the efficacy of IPL in literature. Key findings from the IPL trial are broadly illustrated in
Figure 10.1, confirming the device significantly reduced dry eye symptoms, meibomian gland (MG)
capping and increased tear film lipid layer (TFLL) thickness, possibly through altering meibum lipid
composition.

Figure 10.1

Schematic representation of the findings from the IPL trial.
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10.2 Summary
10.2.1 Dry Eye Practice in NZ
Evaporative dry eye (EDE) significantly impacts quality of life for millions of people,12, 639 and with
the aging population worldwide,640 dry eye (DED) has become a growing public health concern. 1,
16, 22

Increased research attention in dry eye was motivated by the publication of TFOS DEWS in

2007, which identified knowledge gaps in literature and attempted to standardise definitions,
classifications, diagnosis and management of DED.301 In light of TFOS DEWS and subsequent
workshops54-56 in their potential to impact upon clinical practice, Chapter 2 sought to explore the
self-reported protocols of NZ eyecare providers with respect to the diagnosis and management of
DED, and compared these behaviours with the current evidence base and consensus
recommendations from the published literature. The outcomes of this cross-sectional survey
indicated that eyecare professionals combine subjective and objective techniques to diagnose and
stratify DED management according to disease severity, but there is potential to improve
dissemination of research evidence into clinical practice, with continuing education via professional
conferences the favoured mode of delivery. Therefore, the first hypothesis in Section 1.3 can be
accepted. Insight gained from this study, such as the modest level of confidence reported by
practitioners in managing different levels of DED, especially moderate to severe cases, suggest
the need to explore more avenues for this group. Thus, management success and therefore clinical
confidence might be improved by researching beyond just palliative therapies, making novel
treatment modalities such as IPL worth investigating. However, as evidence-based clinicians, a
new therapy needs to be fully evaluated so that we not only understand its safety and efficacy, but
also its mechanism of action in order to ensure the treatment is directed towards the most
appropriate DED subtype(s).

10.2.2 Auxiliary Experiments and IPL Characterisation
Having established a need for better therapies and the reported potential of IPL from early studies,
Chapter 3 introduces the rationale for ocular benefit through IPL’s historical use in dermatology and
its well-established efficacy in alleviating cosmetic appearance of skin disorders such as acne
rosacea.284, 295-297 To expand the range of information available concerning the targeted use of IPL
for MGD, a series of photo-characterisation experiments and underpinning studies were developed
as described in Chapters 4 and 5 respectively. In Chapter 4, insight into the technical parameters
of E>Eye IPL device (E-Swin, Paris, France) was offered via characterisation experiments. These
studies investigated several optical properties of the E>Eye spectral output that have the potential
to affect treatment efficacy. Preliminary data suggest the E>Eye is a well-regulated IPL system,
and a single flash discharged from the device comprises six equally spaced sub-pulses, each of
approximately 3.61 ± 0.04 ms (mean ± SD) in duration and separated by a resting period of around
12.43 ± 0.1 ms. The pulse profile closely resembles that of the typical “square wave”, which is
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considered an desirable trait as it ensures energy is delivered in a uniform manner throughout the
output duration.351 The spectral output of the E>Eye device falls within the 580-970 nm region.
These results provide a framework around which hypotheses regarding the mechanism of action
of IPL therapy for MGD relief, such as selective photothermolysis, neural stimulation and photobiomodulation are discussed.
In Chapter 5, the thermal effect of IPL pulses was evaluated using a rudimentary “eyelid” model,
created from ham steaks that have been recognised by researchers previously to mimic skin. The
in vitro influence of IPL on periocular microbiome and ex vivo influence on Demodex were also
investigated in subsequent in vitro and ex vivo studies. In the initial experiment, it was confirmed
that the temperature of the “eyelid” model rose post-IPL treatment, with an increasing thermal effect
associated with increasing energy density (fluence) of the light pulse. Such a rise in the temperature
of the periocular treatment zone from IPL with multiple sculpted pulses has the potential to soften
the meibum for more efficient expression of the meibomian glands. One limitation of the
rudimentary eyelid model that was created from relatively homogenous ham, was the inability to
replicate the rich network of blood vessels beneath the surface of the skin. A mathematical model
demonstrates that a single IPL pulse of 30 ms duration has the potential to raise the temperature
of small cutaneous blood vessels (60 µm) to 45-70°C, depending on fluence.641 Therefore it is
possible that in vivo, the local temperature rise after IPL treatment is significantly higher than that
deduced from the foundation experiment. In regard to ocular microbiota, the experiments failed to
demonstrate a direct effect of IPL exposure to common lid margin bacteria and Demodex. This
showed that any observed effects on these features reported in clinical studies are most likely
indirect, secondary either to a temperature rise or another change in the local environment,
following application of IPL to the skin. Interestingly, the subsequent double-masked, placebocontrolled in vivo study, reported in Chapter 8, failed to confirm a significant effect of IPL either on
bacteria colonisation or demodicosis in participants who underwent active therapy. This is
discussed in Chapters 7 and 8, in the context of the findings of the preliminary studies.

10.2.3 Effectiveness of IPL for MGD Relief
One of the challenges faced by patients and clinicians is that management strategies for MGD have
conventionally been palliative, often providing only transient relief from symptoms. With advancing
technology, the development of potential new therapies for DED has raised the possibility of
superior dry eye management in recent decades. IPL is one such development but there is limited
high quality scientific evidence on the effectiveness of periocular IPL available from well-designed
clinical trials. Outcomes from the literature review conducted in Chapter 1 informed best-practice
techniques for measuring clinical (Chapter 6) and laboratory outcomes (Chapter 7). Modern
scientific techniques were implemented for the IPL trial, including several contemporary DED
metrics that at the time of design had not been previously applied to observe the outcome of IPL
therapy e.g. demodicosis, IVCM, NCCA sensitivity thresholds. This prospective, randomised,
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double-masked, placebo-controlled, non-paired eye trial sought to assess the efficacy of IPL for
MGD relief over a 3.5-month period in an EDE population with mild to moderate disease. Results
were presented in Chapters 8 and 9, in comparison to sham treatment, this study provided strong
evidence for the effectiveness of IPL therapy in safely reducing symptom intensity. The objective
MGD indicators showing lasting improvement with intervention were TFLL thickness, MG orifice
capping and MG function in later stages of the disease. Therefore, the second hypothesis in
Section 1.3 can be accepted. It should be acknowledged again that clinically reasonable pretreatments (lid margin debridement) or post-treatments (MG expression) were not employed in this
study so that the effect of IPL alone could be observed. Moreover, outcomes were specifically
measured one month after final treatment so that differences detected could be assured to have
not originated from direct heat at the time of application. These features of the current study provide
some of the strongest evidence in showing scientifically (without bias) that IPL is an effective
management option for evaporative dry eye. It also provides clinicians with a robust evidence base
to make the case for recommending IPL therapy to patients suffering recalcitrant MGD that have
been unresponsive to conventional therapies.

10.2.4 Mechanism of Action
Potential mechanisms of action of IPL for treating EDE were considered in Section 3.3.2. In the
case of existing therapeutic applications, the principle of selective photothermolysis discussed in
Chapter 3 is considered to be fundamental in therapeutic application of IPL.298, 299 But periocular
application is a relatively new technique, and the possibility exists that other mechanisms, in
addition or instead of selective photothermolysis, may be at play. The E>Eye device employs a
high-pass absorption filter to limit the emission of broad spectrum, noncoherent, polychromatic light
to a 580-1200 nm wavelength range.387 IPL is believed to selectively ablate dilated skin blood
vessels in rosacea, and that reduction in blood flow through abnormal telangiectatic vessels 642 may
decrease the leakage of inflammatory mediators that play an important pathophysiological role in
rosacea-associated
telangiectasia295,

296

DED.643-645

The

conjecture

that

selective

ablation

of

periocular

might limit inflammatory mediator access to the MGs was discussed and

accounted for within the study design. However, the clinical and laboratory outcomes of the trial
failed to show within-group or between-group effects, and thus were unable to lend support to this
hypothesis. The implications of these findings including recommendations for refinements to future
study design are suggested by continuing to explore this research area.

The most promising objective outcomes from this study relate to improvement in TFLL thickness,
MG orifice obstruction, meibum expressibility, mild effects on tear film lipidome composition and
IVCM acinar secretion reflectivity. Therefore, it appears the positive ocular effects of IPL may be
more aligned with local thermal effect that warms the MGs. The application of heat to the eyelid
has been well documented to increase the flow of meibum and to relieve EDE symptoms,226 either
through traditional hot compresses196,

272

or sophisticated automated devices.137,

202, 268, 566, 646

203

Whether IPL energy is sufficient to warm the inner eyelid is difficult to ascertain due to the
immediate dissipation of heat in vivo and difficulty replicating the human eyelid ex vivo. Foundation
experiments in Chapter 5 produced conservative estimates on the degree of temperature rise that
would result from two overlapping pulses of E>Eye at the inner eyelid using an ex vivo ham “eyelid
model”. Whilst it fell short of the recommended 40°C,159, 267 this was likely influenced by limitations
in the model used because it was lighter in colour than eyelid tissue, particularly blood vessels that
would preferentially absorb the optical energy, and this could have resulted in a significant
underestimation of the achievable temperature. Moreover, the cumulative benefits of IPL therapy
demonstrated in vivo in the clinical trial, suggest treatment may have produced beneficial effects
on the biophysical properties of MG secretions, which accumulated overtime to induce clinically
significant symptomatic improvements.

10.2.5 Future Directions
Subjective data supporting IPL therapy as an effective treatment for MGD in this participant-masked
study were profound, however the majority of the clinical indicators and laboratory techniques failed
to demonstrate clinical or statistically significant change. Due to the relatively mild EDE displayed
by the study sample population, it is possible that the MG changes in the data set were of insufficient
magnitude to produce evident objective changes. The results however cannot be generalised to
other severities of EDE. In the sub-analysis carried out in Section 8.2.9 that found meibum
expressibility reached significant improvement in moderate-severe DED patients, albeit the positive
outcome carries less strength of conviction due to the lower sample size. Therefore, further
research exploring the effects of IPL in more severe MGD is needed to establish the full potential
of the technology on tear film parameters and dry eye symptoms. The detection rate of
neuropeptide biomarkers from conjunctival impression cytology (IC) samples proved to be
challenging. Improved detection of VIP, TAC 1 and CALCA by investigating cellular biomarker
expression levels may be possible by collecting IC samples from eyelid margin where the tissue is
more densely innervated and is a consideration for future studies.

Lipidomic evaluation suggested symptom and clinical improvements may be linked to the change
in lipid profile of the TFLL after intervention, however current research cannot confidently conclude
this without expanding the sample size of the experiment to increase statistical power. This thesis
reports mild changes in TFLL biochemistry after IPL therapy, following the observation of a slight
increase from baseline values in WE, and decrease in Chl and SM in participants who received
active IPL treatment, but only to a near significant level (0.05 ≤ p < 0.10). To substantiate these
outcomes, an expanded study would be required to facilitate a fuller understanding of the potential
pathways that led to the alteration of meibum lipid composition. Furthermore, the study failed to
confirm a link to the mechanism of action through changes in inflammatory and neuropeptide
biomarkers, although experimental limitations were noted and strategies for improvement were
discussed in Section 9.4. Should inflammatory and neuropeptide biomarkers be observed to remain

204

consistently unchanged, this would suggest that positive ocular effects of IPL for the treatment of
MGD is not due to a decrease in the circulating levels of local neuroinflammatory mediators.

10.3

Conclusion

This thesis has described, through a series of experiments and a randomised, double-masked,
placebo-controlled clinical trial that IPL therapy is an effective and safe treatment for mild-moderate
MGD in a New Zealand/Aotearoa population. In addition, more apparent benefits are experienced
by patients who suffer moderate to severe DED symptoms and possess relatively patent MG
orifices. Therefore, the recommendation of IPL as a new avenue of treatment for patients with MGD
is warranted. Interestingly, altering the TFLL biochemistry through application of periocular IPL
shows promise (and is deserving of further study) as a possible underlying mechanism contributing
to the improvements observed in clinical meibomian gland features and in the patient-reported
symptomatic outcomes. The research exploring the self-reported dry eye disease management
behaviours of New Zealand eyecare providers indicates reliance of practitioners on delivery of the
latest scientific evidence, disseminated through continuing education programmes, to offer the best
evidence-based care for patients. The scientific evidence presented in this thesis, confirming lasting
improvement in symptom relief and clinical signs in MGD following a course of IPL treatments, is
hoped to benefit patients, ultimately by providing assurance to eye care professionals that IPL offers
a safe and effective treatment option for managing MGD.
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2018.
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algorithm. Cont Lens Anterior Eye, 2018.

•
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practices amongst New Zealand optometrists. Asia-Pacific Academy of Ophthalmology
Congress, 2016, Taipei, Taiwan. (Poster)
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Xue AL, Downie LE, Ormonde SE, Craig JP. An inter-disciplinary comparison of the selfreported dry eye practices of New Zealand eye care clinicians. International Conference on the
Tear Film and Ocular Surface: Basic Science and Clinical Relevance, 2016, Montpellier,
France. (Poster)

•

Xue AL, Craig JP. Dry Eye Workshop. Cornea and Contact Lens Conference, 2017, Nelson,
New Zealand. (Presentation)

•

Xue AL, Craig JP. Fun with broad spectrum ray guns - intense pulsed light therapy for
meibomian gland dysfunction. NZAO Annual Conference, 2018, Paihia, New Zealand.
(Presentation)
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APPENDIX C. IPL Safety Checklist

221

222

223

APPENDIX D. Fitzpatrick Skin Type Questionnaire
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APPENDIX E. Participant Information Sheet for IPL Clinical Trial

225

226

227

APPENDIX F. Written Consent Form for IPL Clinical Trial
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APPENDIX G. McMonnies Dry Eye Questionnaire
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APPENDIX H. SPEED Dry Eye Questionnaire
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APPENDIX I.

OSDI Dry Eye Questionnaire
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APPENDIX J. SANDE Dry Eye Questionnaire

Name:

Date:

/

/

Please complete the following questions regarding the frequency and severity of your dry eye symptoms.

1. Frequency:
Place an ‘X’ on the line to indicate how often, on average, your eyes feel dry and/or irritated:

RIGHT EYE
Rarely

All the time

LEFT EYE
Rarely

All the time

2. Severity:
Place an ‘X’ on the line to indicate how severe, on average, you feel your symptoms of dryness and /
or irritation:

RIGHT EYE
Very mild

Very severe

LEFT EYE
Very mild

Very severe

For office use only:
Frequency

RE (mm):

LE (mm):

Severity

RE (mm):

LE (mm):
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APPENDIX K.

Gene target, assay subtype, primer and probe nucleic acid sequences.

Gene Target

Assay

Forward and Reverse Primers and Probes

Size
(bp)

INHIBITION ASSAY
SPUD

SYBR Green

(F) 5’-AACTTGGCTTTAATGGACCTCCA-3’

101

(R) 5’-ACATTCATCCTTACATGGCACCA-3’
REFERENCE GENES
Beta-Actin

PrimeTime®

(F) 5’-CCTTGCACATGCCGGAG-3’

109

(R) 5’-ACAGAGCCTCGCCTTTG-3’
(P) 5’-/56FAM/TCATCCATG/ZEN/GTGAGCTGGCGG/3IAB
kFQ/-3’

Hypoxanthine

PrimeTime®

(F) 5’-GCGATGTCAATAGGACTCCAG-3’

phosphoribosyl

(R) 5’-TTGTTGTAGGATATGCCCTTGA-3’

transferase 1

(P) 5’-56-

(HPRT1)

FAM/AGCCTAAGA/ZEN/TGAGAGTTCAAGTTGA

148

GTTTGG/3IABkFQ/-3’
Peptidylprolyl

PrimeTime®

(F) 5’-CAAGACTGAGATGCACAAGTG-3’

isomerase A

(R) 5’-GTGGCGGATTTGATCATTTGG-3’

(PPIA)

(P) 5’-56-

101

FAM/AATTCACGC/ZEN/AGAAGGAACCAGACA
GT/3IABkFQ/-3’
Beta-2

PrimeTime®

(F) 5’-ACCTCCATGATGCTGCTTAC-3’

microglobulin

(R) 5’-GGACTGGTCTTTCTATCTCTTGT-3’

(B2M)

(P) 5’-56-

142

FAM/CCTGCCGTG/ZEN/TGAACCATGTGACT/3I
ABkFQ/-3’
Glucuronidase

PrimeTime®

(F) 5’-GTTTTTGATCCAGACCCAGATG-3’

beta

(R) 5’-GCCCATTATTCAGAGCGAGTA-3’

(GUSB)

(P) 5’-56-

128

FAM/TGCAGGGTTTCACCAGGATCCAC/3IABkF
Q/-3’
Polymerase II
subunit A

PrimeTime®

(F) 5’-TCGTCTCTGGGTATTTGATGC-3’

76

(R) 5’-CAGTTCGGAGTCCTGAGTC-3’

(POLR2A)
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(P) 5’-56FAM/ACTGAAGCGAATGTCTGTGACGGAG/3IA
BkFQ/-3’
TATA-box-binding

PrimeTime®

(F) 5’-CAGCAACTTCCTCAATTCCTTG-3’

104

(R) 5’-GCTGTTTAACTTCGCTTCCG-3’

protein (TBP)

(P) 5’-56/5HEX/TGATCTTTG/ZEN/CAGTGACCCAGCATC
A/3IABkFQ/-3’
Ribosomal protein,

PrimeTime®

(F) 5’-TGTCTGCTCCCACAATGAAAC-3’

143

(R) 5’-TCGTCTTTAAACCCTGCGTG-3’

large, P0 (RPLP0)

(P) 5’-56/5HEX/CCCTGTCTT/ZEN/CCCTGGGCATCAC/3I
ABkFQ/-3’
GENES OF INTEREST
Interleukin-6

PrimeTime®

(F) 5’-TTCTGTGCCTGCAGCTTC-3’

119

(R) 5’-GCAGATGAGTACAAAAGTCCTGA-3’

(IL-6)

(P) 5’-56FAM/CAACCACAA/ZEN/ATGCCAGCCTGCT/3IA
BkFQ/-3’
Matrix

PrimeTime®

(F) 5’-CGTCGAAATGGGCGTCT-3’

metalloproteinase-

(R) 5’-ACATCGTCATCCAGTTTGGTG-3’

9 (MMP-9)

(P) 5’-56-

122

FAM/CCAGGAGGA/ZEN/AAGGCGTGTGC/3IAB
kFQ/-3’
Mucin 5AC

PrimeTime®

(F) 5’-ACACTGCATCTTGTCCTCATC-3’

102

(R) 5’-GAACCCCCGTGGAGACT-3’

(MUC5AC)

(P) 5’-56FAM/CTGGAAGGC/ZEN/TGCTACCCCAAGT/3IA
BkFQ/-3’
Calcitonin related

PrimeTime®

(F) 5’-CAAAGTTGTTCTTCACCACACC-3’

polypeptide alpha

(R) 5’-AGCAGGAGCAAGAGAGAGA-3’

(CALCA)

(P) 5’-56-

322

FAM/TGCCAGCCG/ZEN/ATGAGTCACACAG/3IA
BkFQ/-3’
Vasoactive
intestinal

PrimeTime®

(F) 5’-GATCAGGTTCATTTGCTCCCT-3’

240

(R) 5’-CTCTTCTCAGTGTGCTCTTCT-3’

polypeptide (VIP)

234

(P) 5’-56FAM/CTTCTGCTC/ZEN/TCAGGTTGGGTGACA/
3IABkFQ/-3’
Tachykinin

PrimeTime®

(F) 5’-CGGACCAGTAATTCAGATCATCA-3’

precursor 1

(R) 5’-GAGGAACCAGAGAAACTCAGC-3’

(TAC1)

(P) 5’-56-

369

FAM/CATGTTGGA/ZEN/TTTTGCGACGGACAGT
/3IABkFQ/-3’
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APPENDIX L.

Room temperature and relative humidity during ocular assessment for
participants randomised to control and treatment groups. Data are presented as
mean ± SD, or median (interquartile range, IQR).

Variable
Room
Temperature
(ºC)

Relative
Humidity (%)

Treatment

Baseline

Day 15

Day 45

Day 75

Day 105

Placebo

20 (20-21)

20 (20-21)

20 (20-20.5)

20.5 (20-21)

20 (20-20.5)

4 Flashes

20.5 (20-21)

20.5 (20-21)

20.5 (20-21)

20 (20-20.5)

20 (20-21)

5 Flashes

20 (19.5-20)

20 (19-20)

19 (19-20)

20 (19-20)

20 (19-20)

Placebo

62.9 ± 6.0

63.2 ± 5.2

64.1 ± 5.0

64.1 ± 5.4

62.1 ± 7.7

4 Flashes

61.5 ± 7.2

61.4 ± 7.0

64.9 ± 5.1

63.2 ± 9.7

63.1 ± 6.9

5 Flashes

63.1 ± 7.4

61.7 ± 8.6

60.4 ± 7.3

58.8 ± 5.8

56.9 ± 6.4
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