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Abstract

Xiaoxuan Liu, Academic Unit of Ophthalmology, Institute of Inflammation and Ageing,
College of, Medical and Dental Sciences, University of Birmingham

A thesis submitted to The University of Birmingham for the
degree of DOCTOR OF PHILOSOPHY

Inflammation is the key underlying physiological process in uveitis. It drives the onset of
acute flares, causes permanent structural damage and can result in sight-threatening
complications. Being able to accurately detect and measure changes in inflammatory
activity is crucial for managing uveitic flares and rationalising therapeutic decisions.
Unfortunately, many of the current methods for quantifying inflammation are imperfect,

due to the fact that they are based on subjective and unreliable clinician estimates.

In this thesis, | evaluated the potential for imaging-based technologies such as optical
coherence tomography (OCT) to measure key markers of intraocular inflammation in
uveitis. Whilst several key markers of inflammation are recognised, this thesis focuses on
those with an existing clinical standard, which can be used as a comparator or reference

test (anterior chamber cells, anterior chamber flare and vitreous haze).

| conducted a series of systematic reviews evaluating potential instrument-based
techniques for measuring anterior chamber cells, anterior chamber flare and vitreous
inflammation, respectively. These identified OCT and laser flare photometry as potential
instruments for measuring anterior chamber cell and flare, and OCT and retinal
photography for measuring vitreous inflammation. However, the interpretation of results
in each review was limited by relatively few studies and the inclusion of highly
heterogenous uveitic patient populations, varying severities of disease, and lack of a

standardised image acquisition protocol.

Second, in the prospective study, OCTAVE (OCT-assisted vitreous evaluation), | found
that our custom OCT-based vitreous analysis technique (EQUIP) demonstrated good
repeatability in healthy and uveitic eyes, was able to detect vitreous inflammation and
was associated with the current clinical vitreous haze grading. The EQUIP measurement

was able to predict visual acuity whereas the current standard method (clinician grading



using the National Eye Institutevitreous haze scale) could not. Whilst these results were
encouraging, there remains substantial overlap in the OCT measurement between NEI
vitreous haze grades. It is not clear whether this is due to poor signal-to-noise ratio of the
OCT technique, or a sign of poor reliability of the comparator (clinician-based grading
using the NEI vitreous haze scale). Further investigation through longitudinal studies may

be able to answer this question.

In summary, OCT has demonstrated potential for quantifying inflammation for
multiple key measures in uveitis. However, a key limitation for the validation of all

instrument-based measures has been the lack of a reliable reference test.
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Chapter 1: Introduction

This thesis explores the use of instrument-based technologies, such as optical coherence
tomography (OCT), to objectively measure intraocular inflammation in uveitis. Chapter 1 is an
introduction to uveitis, describing inflammatory biomarkers and how they are used in clinical
practice to inform therapeutic decision-making, how inflammation is currently quantified, how it
could be measured using newer imaging modalities and the challenges of evaluating a new test
for uveitis. Chapters 2, 3 and 4 are systematic reviews of instrument-based tools for measuring
anterior chamber cells, anterior chamber flare and vitreous haze, respectively. Each systematic
review identifies the range of instrument-based technologies currently available for quantifying
inflammation and evaluates the level of association between the instrument-based measures
and the current clinical standard, as well as the reliability of the instrument-based
measurements. Chapters 5 and 6 describe our development of an OCT-based method for
measuring vitreous inflammation. Chapter 5 summarises the evidence for the method prior to,
and near the beginning of, my involvement with this project. It outlines prior validation of the
technique, including the earliest proof-of-concept and subsequent studies seeking to refine the
technique. Chapter 6 presents the OCTAVE study, a prospective observational study led by me,
evaluating the OCT-based vitreous haze technique. The imaging protocol selected for the
OCTAVE study was largely driven by prior evidence described in Chapter 5. The OCTAVE
study explored the test reliability of our technique in healthy and uveitic eyes, as well as its
association with other measures of uveitic inflammation and visual function. Chapter 7
summarises the findings of the Chapters 2-6 and discusses the unanswered questions and
future work for the OCT-based vitreous haze technique, as well as general challenges of

validating a new test for measuring uveitis inflammation.
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1.1 Uveitis

1.1.1 Definition

Uveitis is defined as ocular inflammation of the uveal tract, which consists of the iris, ciliary
body and choroid. The underlying pathological process is an inflammatory response,
causing breakdown of the blood-ocular-barrier and disruption to the physiological
environment in the eye. Any part of the uvea can become inflamed and this can be
accompanied by, or extend to involvement of other structures such as the retina, sclera,
cornea, vitreous and optic nerve. As such, the term uveitis is used to describe a range of

diseases characterised by intraocular inflammation.

As an umbrella term, uveitis encompasses multiple disease entities with a range of underlying
aetiologies, some of which are caused by an infectious agent (such as toxoplasmosis,
tuberculosis, cytomegalovirus related uveitis) and others through autoimmune-mediated
mechanisms. Many uveitic entities are associated with systemic autoimmune conditions, such
as the HLA-B27 spondyloarthropathies, sarcoidosis, tuberculosis, Behget's disease and others,

but others are limited to the eye.(Rosenbaum and Dick, 2018)

1.1.2 Burden on vision

Uveitis is the fourth commonest cause of blindness in the working age population. (Darrell,
Wagener and Kurland, 1962; Bodaghi et al., 2001) It is responsible for approximately 10-15% of
blindness in the developed world and approximately 25% in the developing world.(Rothova et
al., 1996; Wakefield and Chang, 2005; Rao, 2013) The estimated prevalence of uveitis is
approximately 38 to 200 per 100,000 general population, with an annual incidence estimated to

be 17.4 to 52.4 per 100,000.(Rothova et al., 1996; Durrani et al., 2004) Although any age group

12



may be affected, it tends to peak in the working-age group, accounting for a significant socio-

economic impact.

Acute uveitic flare can cause a range of symptoms, the most concerning of which is loss of
vision, which may be temporary for the duration of the flare or irreversible. Irreversible loss of
vision may result from direct damage to the uveal structures, but more commonly is due to
secondary tissue damage. Three of the most common sight-threatening complications arising
secondary to uveitis are cataracts, glaucoma and macular oedema.(Jones, 2015) Other
complications such as neovascularisation, scarring, atrophy and posterior synechiae less

commonly cause visual loss, but can if they impact the central visual axis.

1.1.3 Pathophysiology of uveitis

The intraocular inflammatory response in uveitis occurs as a result of an insult, causing
disruption of the ocular immune homeostasis.(Lee et al., 2014) Much of our understanding of
the mechanisms behind intraocular inflammation has come from animal models of experimental
autoimmune uveoretinitis.(Caspi, 2011) Clinically, uveitis is categorised as infectious when in
the presence of a clear pathogen, and non-infectious when no pathogenic agent is identified. In
non-infectious cases, the underlying mechanism is thought to be driven primarily by a
dysregulated immune response, and increasingly this is thought to be autoinflammatory (i.e.
driven by the innate immune response) rather than autoimmune (i.e. driven by the adaptive
immune system in response to self-antigen). This inflammation continues even after any
postulated infectious trigger subsides, causing ongoing chronic or remitting episodes of

inflammatory activity.(Forrester, Kuffova and Dick, 2018)

In all cases, the result is breakdown of the blood retinal barrier (BRB), or the blood aqueous

barrier in the case of anterior uveitis.(Freddo, 2013) In healthy individuals, the BRB, composed

13



of tight junctions of the retinal vessels and the retinal pigmented epithelium (RPE), acts as a
physical and immunological barrier to the eye. In uveitis, the integrity of the BRB is disrupted,

leading to infiltration of infectious agents and/or damaging inflammatory cells.

Whilst it is not possible to directly observe the immune-mediated insult itself, or the invasion of a
pathogen at the level of the ocular tissue, the downstream consequences of BRB breakdown
can be observed. Typically there is leakage of inflammatory cellular infiltrates into various
compartments of the eye which is visible on slit-lamp examination.(Muller, 2013; Forrester,
Kuffova and Dick, 2018) Increased permeability of the iris and ciliary body vessels cause
infiltration of leukocytes which can be visualised as floating particles in the aqueous humour,
described as anterior chamber (AC) cells. Smaller protein exudates, such as albumin, leaking
into the aqueous humour through gives rise to a hazy appearance of (a typically transparent)
aqueous, described as AC flare;(Agrawal et al., 2010) The aqueous appearance in AC flare is
attributed to the Tyndall effect: the scattering of light in multiple directions giving rise to a
turbidity which affects the clarity of the media. A similar finding to AC flare in the vitreous gel
occurs as a result of exudates from the retinal vessels, described as vitreous haze.(Foster C

and Vitale Albert, 2013)

As there are no readily available serological markers in uveitis, such as acute phase proteins or
autoantibodies, the diagnosis and monitoring of inflammation is primarily informed by changes
in these clinical biomarkers. These are typically observed by clinicians during biomicroscopic
slit-lamp examination, and contribute to the overall clinical picture on presence and severity of
inflammatory activity. In experimental settings, aqueous samples taken from the anterior
chamber show increased levels of inflammatory infiltrates including T cells, B cells and

macrophages.(Denniston et al., 2011, 2012)
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Depending on the cause of the inflammatory insult and the location of the infiltrates or
anatomical changes, several classification systems have been proposed to categorise distinct
aetiological and anatomical phenotypes. The different classification systems for uveitis are

described in the next section.

1.1.4 Classification of uveitis

There are several approaches to classifying uveitis and the current approaches to classification
were agreed upon in the 2005 Standardisation of Uveitis Nomenclature (SUN) workshop.(Jabs
et al., 2005) In practice, the most commonly used systems are anatomical and aetiological
classification. Anatomical classification is based on the location of the foci of inflammation and is

characterised as anterior, intermediate, posterior and panuveitis (Table 1).(Jabs et al., 2005)

Table 1. The SUN* Working Group Anatomic Classification of Uveitis

Type Primary Site of Inflammation? Includes
. . . Iritis
Anterior uveitis Anterior chamber . "
Iridocyclitis
Pars planitis
Intermediate uveitis Vitreous Posterior cyclitis
Hyalitis

Focal, multifocal or diffuse
choroiditis
Chorioreitinis

Posterior uveitis Retina or choroid Retinochoroiditis
Retinitis
Neuroretinitis
. Anterior chamber, vitreous and
Panuveitis

retina or choroid

*SUN = Standardization of Uveitis Nomenclature; Standardization of Uveitis Nomenclature for Reporting Clinical
Data. Results of the First International Workshop. Jabs DA, Nussenblatt RB, Rosenbaum JT. 2005.

TAs determined clinically. Adapted from the International Uveitis Study Group anatomic classification (Deschenes et
al., 2008)
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Aetiological classification is broadly split into infectious (bacterial, viral, fungal and parasitic) and
non-infectious causes (which may or may not be associated with systemic disease) and
masquerade subtypes (Table 2).(Jabs et al., 2005) Other ways of describing uveitis entities
relate to their clinical course and duration (acute, chronic, recurrent) and their pathological
findings (granulomatous versus non-granulomatous; where glaucomatous uveitis are associated
with the clinical features of large ‘mutton fat’ keratic precipitates (macrophages) and iris

nodules).(Jabs et al., 2005)

Diagnosis is based on a combination of: (1) clinical presentation (symptoms and signs); (2)
medical history (known diagnoses and systemic review to identify potential undiagnosed
autoimmune diseases) and (3) investigations (imaging and laboratory tests). However, defining
aetiology in uveitis can be problematic. Tissue sampling is uncommon due to the risk of damage
to the eye and most uveitic entities are not associated with clinical or investigative features that

are of high specificity.

Table 2. International Uveitis Study Group (IUSG) Classification of Uveitis

(Deschenes et al., 2008)Deschenes et al., 2008)

International Uveitis Study Group Classification of Uveitis

Bacterial
Viral
Infectious Fungal
Parasitis
Others

Known systemic associations
No known systemic associations

Neoplastic
Nonneoplastic

Noninfectious

Masquerade
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For a large group of non-infectious uveitides there is still limited understanding as to what the
underlying pathogenesis is — both for those with and without systemic association (presumed
‘autoimmune uveitis’). Often diagnoses cannot be made on the first visit and earlier reviews of
medical records have shown that only 17% of patients receive a definitive diagnosis on the first

visit.(Rodriguez et al., 1996)

1.1.5 Typical course of disease

The typical course of disease in uveitis is characterised by single or recurrent episodes of flares
of inflammatory activity, which can cause acute manifestations in different parts of the eye.
However, the course of uveitis can be widely variable. Some patients experience single
episodes of uveitis with no recurrence, some experience recurrent episodes with periods of

quiescence in between, and some experience chronic inflammation.

Inflammation, whether from recurrent acute episodes or chronic disease, can result in clinically
significant consequences for the patient. These consequences of uveitis can be broadly thought
of as disease activity (ongoing active inflammation) and disease damage (damage resulting
from previous inflammation). Activity represents an ongoing inflammatory insult which can either
self-resolve or may require therapeutic intervention to bring under control. Damage occurs as a
result of disease activity and is permanent. Both disease activity and damage can exhibit
symptoms and signs, including deteriorations in visual function, however the approach to
treatment is radically different; to treat disease activity requires targeting the inflammatory
process (almost always medically), whereas to treat disease damage requires targeting
structural changes (which may include surgery). The ability to differentiate between disease
activity and damage is therefore key for clinical decision-making and rationalising treatment. In

this section, we model the relationship between activity and damage, as well as their
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manifestations, using a number of theoretical thresholds. This model is described below using

an illustrative example.

1.1.5.1 Threshold for symptoms and signs

Depending on the level of inflammatory activity, active flares can manifest with various
symptoms (the range of typical symptoms in uveitis is described in 1.1.5.1 Symptoms). The
threshold at which inflammatory activity becomes symptomatic is variable and poorly defined. It
is assumed that very low levels of inflammatory activity may fall below this threshold and

therefore do not manifest as symptoms.

Figure 1 is a schematic representation of a time course of recurrent flares with varying severity.
Whilst some episodes cross the threshold for symptom manifestation (black dotted line), others
fall below it. Schematic time course representing recurrent flares of uveitic inflammatory activity
of varying severity and return to periods of quiescence between episodes. Inflammatory
episodes above a certain threshold manifest as symptoms whereas those below the threshold
do not. For example, the first and fourth flares are below the threshold and would not manifest

as symptoms.

In this time course, there are two episodes falling below the symptoms threshold. Whilst these
episodes may have manifested with clinically detectable signs, they were unnoticed by the
patient. It is therefore important to monitor patients, to ensure signs of asymptomatic disease,
which can be both asymptomatic inflammatory activity or asymptomatic damage, are detected.
The same concept can be applied to clinical signs. Only when inflammatory activity reaches

beyond a certain threshold will clinical signs manifest and become detectable.
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Figure 1. Schematic representation of the typical time course in recurrent uveitis flares, showing
inflammatory activity and threshold for symptoms.
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Inflammatory activity

Time

1.1.5.2 Threshold for damage

As previously mentioned, inflammatory flares may resolve spontaneously or with treatment, or it
may leave behind permanent damage. For example, acute flares of posterior segment-involving
uveitis may present with acute deteriorations in vision from inflammatory macular thickening.
After the acute inflammatory activity has resolved, vision may be restored, or it may leave
behind disruption of the retinal layers, scarring, atrophy or epiretinal membrane, which can
result in permanent loss of visual function.(Karim et al., 2013; Fardeau et al., 2016) The
threshold at which inflammatory activity causes permanent structural damage, as with the
threshold for manifestation of symptoms, is also poorly defined and varies depending on the
structures involved and the underlying cause of the flare. For example, central subfoveal
thickness (as measured by OCT) in uveitic macular oedema and baseline anterior chamber flare

(as measured using laser flare photometry) have been shown to be predictive of visual
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loss.(Holland, 2007; Matas et al., 2019) However, the additive effects of multiple inflammatory
episodes over time is not well understood. Figure 2 illustrates the accumulated damage
(shaded red area) resulting from the same inflammatory flare events in Figure 1. This time, the
threshold represents the minimum level of inflammation to cause permanent damage. Each
episode above this threshold results in additional accumulated damage. The fourth episode falls
below the threshold for symptoms, as shown in Figure 1 and it also falls below the threshold for
damage (therefore no increase in the red shaded area is seen). Under this assumption, it could
be concluded that this episode is clinically insignificant. This is as opposed to the first episode,
which falls below the symptom threshold in Figure 1, but reaches the threshold to cause

damage in Figure 2 and is therefore clinically significant.

Figure 2. Schematic representation of the typical time course in recurrent uveitis flares, showing
inflammatory activity, threshold for irreversible damage and accumulated damage over time.
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1.1.5.3 Relation to clinical decision-making

In order to apply these concepts in real-world clinical practice, two prerequisites are needed.

First, there needs to be sufficiently reliable and sensitive markers of inflammatory activity to
monitor patients over time. These markers need to be detectable and measurable with a
monitoring test, so that the time course of individual patients as illustrated above can be
tracked. Second, there needs to be knowledge of where the thresholds for symptoms and
damage lie. Importantly, the size of the gap between the two thresholds needs to be
understood (i.e. at what level disease activity can be detected and at what level damage
occurs), as this is crucial for understanding how large or small the window of opportunity for
prevention of irreversible damage is. These concepts will be revisited in 1.5.1 Biomarkers

and surrogate endpoints.

1.1.6 Manifestations of disease

Among the many manifestations exhibited by uveitis, the nature and severity of them vary

depending on many contributing factors, including the type and aetiology of the disease and the

structures involved.

Denniston et al have previously described the outcome measures of uveitis according to the

dimensions of disease: disease activity, disease damage, observed visual function, patient

reported visual function and quality of life.(Denniston, Keane and Srivastava, 2017) This model

is helpful as the sequential nature of each dimension of disease reflects the typical time course

of disease, as well as the relationship between disease pathology to visual function to patient

experience. Figure 3 illustrates an adapted version of this model, which illustrates the

relationship between each dimension and additionally accounts for the transient effects of
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disease activity on downstream function and patient experience during active flares (dotted

line).

Figure 3. Dimensions of disease. Solid black line denotes irreversible effects and dotted line
denotes reversible effects caused by active disease.

Patient experience

1.1.6.1 Symptoms

The symptoms experienced by patients with uveitis can be highly variable, but commonalities
exist within uveitis subtypes. Uveitis of the anterior segment typically manifests with pain,
photophobia and hyperaemia.(Foster C and Vitale Albert, 2013) Blurred vision is not a common
symptom in acute presentations of anterior diseases; when it does occur it is usually a
manifestation of inflammatory changes in the optical pathway through the anterior segment e.g.
corneal oedema, cell deposition on the inner corneal surface (keratic precipitates), high levels of
inflammatory cells or protein in the aqueous, or deposition of inflammatory cells on the anterior
surface of the lens.(Gueudry and Muraine, 2018) Uveitis of the posterior segment usually results
in a painless decrease or alteration in visual function, which can be generalised or focal. Based
on symptoms alone, it is difficult to differentiate between inflammatory activity in the vitreous,
retina and choroid. Intermediate uveitis presents most commonly with floaters and variable
degrees of generalised blurred vision (either directly from vitritis or associated macular
oedema); it often presents bilaterally.(Bonfioli et al., 2005) Posterior uveitis can manifest with

symptoms including generalised blurred vision (e.g. from inflammatory macular oedema or
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diffuse inflammation of the choroid or retina), focal loss of vision (blind spots/scotomata arising
from areas of focal inflammation), or distorted vision (arising from focal inflammation and its

consequences); they may also report floaters and photopsia.(Tallouzi et al., 2020)

As described in the previous section, uveitic inflammation can also occur without any symptoms.
This silent asymptomatic inflammatory activity, which may only be detectable through clinical
examination, can cause permanent structural damage with associated loss of vision. Certain
uveitic diseases are more likely to be asymptomatic, for example juvenile idiopathic arthritis
(JIA) associated uveitis is characterised by chronic inflammatory signs in the absence of
symptoms.(Kotaniemi et al., 2005) It is therefore important to routinely monitor even
asymptomatic disease, to ensure asymptomatic inflammatory activity or any damage which has

occurred, can be detected through clinical examination or monitoring tests.

1.1.6.2 Clinical signs

Inflammation affecting the anterior segment typically presents with leakage of exudates into the
aqueous humour causing a light scattering effect, described as AC flare, and the egress of
inflammatory cells into the anterior chamber (AC cells). Granulomatous anterior uveitis may
present with mutton fat keratic precipitates and iris nodules. There may also be posterior
synechiae, fibrin and spillover of cells into the anterior vitreous. Certain signs such as posterior
synechiae, fibrin and cells stuck to the corneal endothelium (keratic precipitates) remain even

after active inflammation has resolved.

Signs for posterior segment-involving uveitis tend to be more variable depending on the
underlying aetiology. Intermediate uveitis is characterised by vitreous exudates causing floaters,
vitreous haze and vitreous ‘snow-banking’ and ‘snowballs’ and may be accompanied by retinal

signs such as retinal thickening and cystoid macular oedema (CMO). Posterior uveitis can
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present with a wide range of signs including focal inflammatory lesions or ‘spots’ in the retina or
choroid, vasculitic changes (such as non-perfusion or vessel sheathing) and CMO. There may
be evidence of chronic or previous inflammation such as scarring (disruption or loss of the

normal retinal structure in focal areas of previous inflammation) and generalised retinal atrophy.

1.1.7 Treatment

The approach in managing uveitis varies depending on the aetiology, the anatomical foci of
inflammation, disease severity and other considerations such as previous response to
treatment and management of complications arising from uveitis. For isolated anterior segment
uveitis, topical corticosteroids is often sufficient. For disease affecting the posterior segment
(intermediate, posterior or panuveitis), or where topical treatment has proved insufficient for
anterior segment disease, then local or systemic therapy may be required. Local therapy is
particularly suitable where there is unilateral or asymmetric disease, either on its own or as an
adjunct to systemic therapy. Local therapy is primarily with long-acting corticosteroid implants,
notably dexamethasone (Ozurdex; duration of action up to 6 months) or fluocinolone acetonide
(Huvien; duration of action up to 3 years).(Lowder et al., 2011; Jaffe et al., 2019; Thorne et al.,
2019) Systemic therapy, where needed, is staged in which corticosteroid is used in the initial
phase to get rapid control of inflammation, but tapered with the aim of reducing to a safe
maintenance dose (or to zero) once control is achieved. If there is recurrence whilst tapering, or
there is other indication for long-term immunosuppression, a second-line agent is introduced.
Typically these are disease modifying anti-rheumatic drugs (DMARDs) such as methotrexate,
mycophenolate mofetil, azathioprine.(Kempen, Gewaily and Cw, 2016) Biologics are usually
used third line after failure of at least one DMARD, with adalimumab now being licensed for the
treatment of uveitis since the VISUAL trials reported. (Jaffe et al., 2016; Nguyen et al., 2016;

Suhler et al., 2018)
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All immunosuppressive therapies used in uveitis carry the potential for adverse drug effects.
Topical and local corticosteroids accelerate the onset of cataract formation and can increase
the intraocular pressure, making the patient at risk of glaucoma.(Friedman et al., 2013)
Systemic corticosteroids can cause numerous side effects including weight gain, mood
disturbance, sleep disturbance and bone mineral density loss.(Saag et al., 1994) Many non-
biologic DMARDSs require regular blood tests to monitor for hepatic, renal or biochemical
dysfunction and Adalimumab is associated with a risk of demyelination disorder (Gangaputra et
al., 2009; Pasadhika et al., 2009; Daniel et al., 2010; Ledingham et al., 2017; Suhler et al.,
2020) Rationalising treatment is therefore always a balance between likelihood of reducing
infammatory activity and the risks of unwanted side effects. The ideal level of
immunosuppression, which may or may not be possible, is just enough to suppress the
inflammatory response, but not enough to cause complications of an over-suppressed immune
system and other associated complications of the drug. In order to inform these decisions, there
has to be a good measure of the level of inflammatory activity, so that the decision to

commence treatment can be justified and treatment response can be monitored.

1.2 Current measures of inflammation in uveitis

1.2.1 How inflammatory activity is measured in uveitis

The assessment of uveitic inflammatory activity is complex, but crucially important for clinical
decision-making. Assessment findings inform key treatment decisions which aim to prevent
irreversible loss of vision and reduce the burden of disease for patients. Its complexity is in part
because uveitis is a heterogeneous group of diseases with significant variations between
different anatomical and aetiological subtypes, but also because many existing methods of

measurement are based on surrogate markers which indirectly represent inflammatory activity.
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For example, anterior chamber (AC) cells, the hallmark of anterior uveitis, increases as a
consequence of blood-ocular-barrier breakdown and the leakage of cells into the aqueous.
However, AC cells are not direct measures of the inflammatory activity itself. Similarly, CMO
results from the escape of fluid into the intraretinal or subretinal spaces, following breakdown in
the blood-retinal-barrier (BRB). Whilst a higher degree of BRB breakdown generally results in
higher volumes of CMO (and therefore increased central retinal thickness), the CMO itself is not
a direct measure of inflammatory activity. Because of this, there can be a lag between the onset
of inflammation to the manifestation of inflammatory signs and vice versa, between the return of

the eye to a quiescent state and the resolution of these signs.

Furthermore, the way in which these measures are assessed is inherently problematic. Many of
the existing surrogate measures are detected through clinical examination by ophthalmologists
using slit lamp biomicroscopy. This is naturally subjective and highly dependent on the skills and
experience of the observer.(Kempen et al., 2008) In an effort to standardise these techniques, a
number of grading systems have been proposed for quantifying different measures of
infammation.(Jabs et al., 2005) The limitations of the current approaches are discussed in detail

in 1.2.2.1 Commonly used biomarkers for uveitic inflammation.

Visual function, although often the most important outcome for patients, is recognised as a poor
marker of inflammatory activity.(Denniston and Dick, 2013; Enoch et al., 2019) This is because
change in visual function is a downstream consequence of inflammatory activity, rather than a
direct measure of it. The consequences of uveitic inflammation on visual function may be
immediate, or may take months to years to develop. Furthermore, it is inherently subjective to
the patient and can be confounded by many non-inflammatory variables. Use of visual function-
specific tools such as NEI-VFQ-25 has been shown to be more useful for prediction disease

activity than general quality of life metrics, however could only detect disease improvement and
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not disease worsening.(Sugar et al., 2011) Whilst visual function should always factor into
clinical decision-making, it is not the most suitable outcome for determining the level of active

inflammation.

1.2.2 Biomarkers for uveitic inflammation

1.2.2.1 Commonly used biomarkers for uveitic inflammation

As described above, a variety of common manifestations can present in uveitis. Some are
considered more direct measures of inflammatory activity than others. At the 2005 SUN
workshop, a number of important clinical features for grading inflammatory activity were
recommended, including AC cells, AC flare, vitreous cells, vitreous haze, perivascular sheathing
and vascular leakage.(Jabs et al., 2005) Grading systems were standardised for AC cells, AC
flare and vitreous haze at the SUN workshop. Before this, four systems existed for grading AC
cells, three existed for AC flare, two existed for vitreous cells and three for vitreous haze. Whilst
a standardised assessment method could be agreed upon for AC cells, AC flare and vitreous
haze, no suitable grading system could be agreed upon for vitreous cells, perivascular
sheathing or vascular leakage. Other manifestations commonly found in uveitis such as macular
oedema, epiretinal membrane and subretinal neovascularisation were also discussed at the
SUN workshop and were considered structural complications of inflammation rather than signs
of activity. The workshop was a significant step forward in harmonising standardised grading
schema for each measure. Additionally, to aid in the assessment of each domain, photographic
aids were recommended by the SUN working group to assist grading and definitions of

“‘improving” and “worsening” inflammation were agreed upon (Table 3).

27



Table 3. The SUN* Working Group recommendation on Activity of Uveitis terminology

Term Definition
Inactive Grade 0 cells®

Two step increase in level of inflammation (e.g. anterior
chamber cells, vitreous haze) or increase from grade 3+ to 4+

Two step decrease in level of inflammation (e.g. anterior
chamber cells, vitreous haze) or decrease to grade 0

Inactive disease for 23 months after discontinuing all
treatments for eye disease

T Applies to anterior chamber inflammation.
* SUN = Standardization of Uveitis Nomenclature; Standardization of Uveitis Nomenclature for Reporting Clinical Data.
Results of the First International Workshop. (Jabs DA, Nussenblatt RB, Rosenbaum JT. 2005).

Worsening activity

Improved activity

Remission

In a clinical trial context, a wide range of outcomes measures have previously been adopted.
Denniston et al reviewed the range of primary outcome measures used by 104 therapeutic
clinical trials for posterior segment-involving uveitis up to October 2013.(Denniston et al., 2015)
This review found that 74% of trials (n = 94) included one or more measures of disease activity
(listed in Table 4), with vitreous haze and macular oedema being the most commonly used
measures. More recent trials have adopted composite outcome measures consisting of multiple
measures of visual function and inflammatory activity.(Adalimumab vs. Conventional
Immunosuppression for Uveitis Trial — ClinicalTrials.gov (NCT03828019); Jaffe et al., 2016;

Nguyen et al., 2016)

Table 4. Primary outcome measures of activity used in registered trials for posterior segment
involving uveitis (Denniston et al., 2015)

Primary outcomes in studies Primary outcomes in studies with
with single efficacy outcomes composite efficacy outcomes
AC cells

Vitreous haze

Vitreous cells

Snowballs

Macular oedema

Chorioretinal inflammatory lesions
Retinovascular inflammation
Treatment requirement

Vitreous haze
Macular oedema
Treatment requirement
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At a joint National Eye Institute (NEI)/ Food and Drugs Administration (FDA) Uveitis Endpoints
Workshop held in 2015, Holland and associates further proposed a short-list of manifestations
that should be regarded as the ‘fundamental signs of inflammation”. AC cells, vitreous haze,
retinal vascular leakage, retinal infiltrates and choroidal infiltrates.(Holland, 2015) These
features were recommended as preferred endpoints with which to measure disease outcome in
uveitis clinical trials. The following section describes each of these five key measures and the

current recommended method for quantifying them, where available.

1.2.2.1.1 Anterior chamber cells

Anterior chamber cells can be observed due to the leakage of inflammatory cells into the
aqueous humour as a result of blood-retinal barrier disruption. The current approach to
assessing AC cells is using the SUN grading system for AC cells: a clinician’s estimate of the
number of cells seen on slit-lamp biomicroscopy within a 1 by 1 mm slit beam shone through the
anterior chamber.(Jabs et al., 2005) The clinician is required to focus the slit beam in the
anterior chamber so that cells can be counted. As AC cells move, the clinician is required to
mentally adjust for the natural current of the aqueous humour, which causes cells to drift in and
out of the 1 by 1 mm slit beam area. The cell count is then placed into one of six grades (Table

5).
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Table 5. The SUN* Working Group Grading Scheme for Anterior Chamber Cells

Grade Cells in Field®
0 <1
0.5+ 1-5
1+ 6-15
2+ 16-25
3+ 26-50
4+ >50

1 Field size is a 1 mm by 1 mm slit beam.

“ SUN = Standardization of Uveitis Nomenclature; Standardization of Uveitis Nomenclature
for Reporting Clinical Data. Results of the First International Workshop. Jabs DA,
Nussenblatt RB, Rosenbaum JT. 2005.

1.2.2.1.2 Anterior chamber flare

AC flare describes the hazy appearance of the aqueous fluid between the cornea and the iris,
caused by leakage of inflammatory material, such as proteins. The appearance is caused by an
optical phenomenon called the Tyndall effect: the scattering of light by particles in a fine
suspension, whereby the hazy appearance of the aqueous causes a decrease in clarity of the
structures behind it. AC flare does not always present in conjunction with AC cells and is more
prevalent in certain uveitic subgroups, such as juvenile idiopathic arthritis (JIA) related
uveitis.(Holland, 2007) The accepted approach to grading AC flare is clinical examination by slit
lamp biomicroscopy and classification of severity using the SUN grading system for AC flare
(Table 6). Each grade is estimated based on the clarity of iris detail behind the aqueous fluid
and ranges from “none”, to “faint”, “moderate (iris and lens detail clear)”, “marked (iris and lens
details hazy)” and “intense (fibrin or plastic aqueous)”. Prior to the SUN workshop, a number of

alternative systems existed that quantified flare in a similar way.(Hogan, Kimura and Thygeson,

1959; Schlaegel, 1967; Foster and Vitale, 2002; Nussenblatt and Whitcup, 2004)
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Table 6. The SUN* grading scheme for anterior chamber flare.

Grade Flare Description
0 None
1+ Faint Barely detectable
2+ Moderate Iris and lens details clear
3+ Marked Iris and lens details hazy

Fixed coagulated aqueous with

4+ Intense considerable fibrin

“SUN = Standardization of Uveitis Nomenclature; Standardization of Uveitis Nomenclature for
Reporting Clinical Data. Results of the First International Workshop. Jabs DA, Nussenblatt RB,
Rosenbaum JT. 2005.

1.2.2.1.3 Vitreous haze

Until recent years, the preferred clinical trial endpoint by regulatory authorities was the six-step
National Eye Institute (NEI) Vitreous Haze (VH) scale, which was originally introduced in 1985
and subsequently adopted by the SUN workshop. Prior to the SUN workshop, three grading
systems existed.(Hogan, Kimura and Thygeson, 1959; Nussenblatt et al., 1985; Foster and
Vitale, 2002) The NEI VH scale is a six-point grading system for estimating the vitreous clarity
as seen through indirect ophthalmoscopy and is also referred to as the National Institute for
Health (NIH) or Nussenblatt scale.(Nussenblatt et al., 1985; Jabs et al., 2005) The clinician’s
estimate is compared to a standardised set of photographs and given a score of 0, +0.5, +1, +2,
+3 or +4 (Table 7). In the presence of media opacity such as cataracts, it is suggested that the
cataractous changes can be “looked around fairly easily with an indirect ophthalmoscope”,
however whether this is practically possible, especially in diffuse global vitreous haze, is

debatable.(Nussenblatt et al., 1985)
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Table 7. National Eye Institute/Nussenblatt/SUN* Scale for Grading of Vitreous Haze

Grade Description
0 No evidence of vitreal haze
Trace/ 0.5+ Slight blurring of optic disc margin
1+ Obscured view but definition to optic nerve head and retinal
vessels
2+ Obscured view but definition to retinal vessels
3+ Optic nerve head visualised but borders are very blurry
4+ Obscured fundal view

*Nussenblatt et al. Standardization of Vitreal inflammatory Activity in Intermediate and Posterior Uveitis.
Ophthalmology. 1985.

Adopted with minor modifications (change of ‘trace’ to grade ‘0.5+’) by Jabs et al. Standardization of uveitis
nomenclature for reporting clinical data. Results of the First International Workshop. Am J Ophthalmol.
2005;140(3).

1.2.2.1.4 Choroidal and retinal inflammatory lesions

Certain uveitis subtypes are characterised by the occurrence of choroidal and retinal
infammatory lesions. Active inflammation may give rise to new chorioretinal lesions and/or
cause enlargement or expansion of existing chorioretinal lesions. These lesions are traditionally
detected during fundus examination on slit lamp biomicroscopy, with subtle signs such as colour
and regularity suggestive of whether the lesion is actively inflamed. Unlike AC cells, AC flare
and vitreous haze, there are no existing clinical systems for quantifying chorioretinal lesions and
their use in clinical trials has been mainly reduced to presence/absence of new inflammatory

lesions.(Denniston et al., 2015; Kim et al., 2015; Jaffe et al., 2016; Nguyen et al., 2016)

1.2.2.1.5 Retinal vascular leakage

Inflammatory breakdown of the BRB results in leakage of fluid and exudates from the retinal
vessels, clinically termed retinal vasculitis.(Walton and Ashmore, 2003; El-Asrar et al., 2010)
Retinal vascular leakage is a physiological sign caused by breakdown of the BRB. As a marker
of inflammation, it is somewhat different to the others described above. First, ‘leakage’ is a

physiological process which describes the movement of exudates or fluid from the retinal
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intravascular compartment to the surrounding structures. Although it is possible to observe
related signs using slit lamp examination (such as vessel sheathing or vessel filling defects),
dye-based tests such as fluorescein angiography (FA) are regarded as the gold standard for
observing actual vessel leakage in real time. FA demonstrates the integrity of the retinal
vasculature and allows visualisation of abnormalities such as dye leakage, staining or pooling.
The assessment of vascular leakage on FA is largely a qualitative assessment and is not
quantified routine practice.(Walton and Ashmore, 2003; Nussenblatt and Whitcup, 2004; El-

Asrar et al., 2010)

1.2.2.2 Limitations of current methods

The SUN workshop was a significant step forward in harmonising standardised grading schema
for commonly recognised measures of inflammation. Despite this acceptance of a standardised
assessment nomenclature, there are still significant disadvantages with the current approach.
Assessment using the SUN grading systems are subjective, non-continuous and poorly
sensitive at lower levels of inflammation.(Kempen et al., 2008; Hornbeak et al., 2014) There is a
significant concern that these measures, which are the current standard in routine clinical care
and as clinical trial endpoints, are not fit-for-purpose and as a result can impact upon patient
care and hamper the development of potential new drug therapies. There is therefore an urgent
need for improved measures of inflammatory activity. Indeed, at the NEI/FDA Uveitis Endpoints
Workshop held in 2015, Director of the FDA’s Division of Ophthalmic, Neurological and Ear,
Nose and Throat Devices, Dr Eydelman, said “There is a clear need for objective assessments

of ocular inflammation, which are repeatable, reliable, and quantifiable.”
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1.3 Imaging-based biomarkers of uveitis

Since the SUN working group meeting of 2005, widespread adoption of ophthalmic imaging,
including high resolution modalities such as optical coherence tomography (OCT), has become
routine in most ophthalmic clinics. New and improved imaging techniques provide new ways of
quantifying retinal disease in a precise and objective way.(Pichi et al., 2020) The best current
example of this is the use of OCT to measure and monitor central macular thickness (CMT) to
detect, quantify and track over time the development and resolution of macular
oedema.(Browning et al., 2004; Kempen et al., 2013; Schmidt-Erfurth and Waldstein, 2016)
Commercially available OCT devices are now able to utilise automated software to align
sequential scans, to allow measurement of changes in the same anatomical area between
visits. OCT as an imaging modality is discussed in more detail later (1.4 Optical coherence

tomography).
1.3.1 Advantages of imaging-based markers

Quantitative ophthalmic imaging has many characteristics which make it an ideal solution for
measuring biomarkers. First, automated interpretation of images is more objective than clinician
examination, as it eliminates variability between observers attributable to clinical examination
skills.(Kempen et al., 2008) Imaging-based approaches also overcome certain slit lamp-based
issues met by the current clinical grading systems, such as the need to manually account for
moving AC cells, as the image captures only one single snapshot in time. The second
advantage of quantitative imaging is its potential for automation, which not only has the potential
to bring further objectivity, but also improve time and cost efficiency by removing the need for a
human grader. Third, most forms of ophthalmic imaging are non-invasive and light-based

(photography, OCT and ultrasound) and therefore are free of radiation. This means repeated
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exposures for the patient are safe and imaging is suitable as a monitoring tool. Fourth, most
basic forms of ophthalmic imaging are fast and can be acquired in a matter of seconds. This
means the image acquisition is not burdensome on patients and it would be feasible to fit them
within clinical workflows. Lastly, clinical examination and application of existing grading systems
typically requires an experienced ophthalmologist, whereas most ophthalmic imaging can be
acquired by technicians. This opens the possibility of monitoring patients in settings outside the
hospital, such as in high street optometrists and satellite clinics, as well as the possibility of

remote monitoring and telemedicine.

In recognition of the potential utility of quantitative imaging, the follow-up meeting of the 2015
NEI/FDA Uveitis Endpoints Workshop took place in March 2019. This UCLA/AUS Workshop on
‘Objective Measures of Intraocular Inflammation for Use in Clinical Trials’ was strongly focused
towards instrument and machine-based methods.(American Uveitis Society/UCLA Stein Eye
Institute, no date) The aim of the workshop was to explore which instrument-based techniques
may have the potential to replace current methods for the following key measures of
inflammation: AC inflammation (including AC cells and AC flare), vitreous haze, retinal lesions,

choroidal lesions and retinal vascular leakage.

1.3.2 Instrument-based markers for uveitic inflammation

Given that biomarkers for uveitic inflammation are currently detectable through slit-lamp
examination, and the relative resolution of newer imaging devices far exceeds human-level
optical resolution, it follows that such devices may be able to capture such biomarkers in a more
objective way.(Leite et al., 2011) The ability of OCT to detect and correlate with,
histopathological proven inflammatory infiltrates (including vitreous cells, retinal vessel

engorgement and peri-vascular exudates) has been previously shown in animal models.(Chen
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et al., 2013; Chu et al., 2016). Longitudinal imaging studies in animal models have been able to
show the phenotypical sequalae detectable in the retina, as well as restoration of the retinal
architecture after resolution of inflammatory activity.(Chen et al., 2013) Imaging methods like
OCT also offer the advantage of cross-sectional imaging, allowing visualisation along the axial
length of the eye, and overcoming the problem of posterior ocular structures being obscured by

anterior structures, as often is the case during slit-lamp biomicroscopy.

There is also known variation in the constituents of uveitic exudates depending on underlying
aetiology. Granulomatous inflammation of the anterior chamber is known to cause mutton-fat
keratic precipitates composed of epitheloid cells on the corneal endothelium, whereas non-
granulomatous inflammation tends to result in smaller lymphocytic cells in the aqueous.(Harthan
et al., 2016) Whilst it is not possible to differentiate individual free-floating AC cell types on slit-
lamp examination, differences in anterior segment OCT cell morphology (such as cell size and
reflectance) has been shown to correlate with different cell types, including neutrophils,

lymphocytes, monocytes and red blood cells.(Rose-Nussbaumer et al., 2015; Qian et al., 2019)

In the next section, each of the five measures of inflammation are discussed again, this time to
highlight potential instruments and imaging techniques which have been proposed, or have
shown potential in recent years, to provide objective measures of inflammation. These
instruments and imaging techniques are briefly introduced here but are discussed in more detail

throughout this thesis.

1.3.2.1 Anterior chamber cells
In recent years, it has become possible to visualise AC cells using anterior segment optical
coherence tomography (AS-OCT).(Kumar et al., 2015; Sharma et al., 2015) This adaptation of

OCT imaging uses an anterior segment lens to visualise the anterior segment of the eye and
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allows acquisition of multiple cross-sectional B scans between the cornea and lens at different
levels to capture a theoretical volume. AS-OCT has been shown to capture inflammatory cells
as hyper-reflective spots in the aqueous humour and image analysis techniques have
demonstrated the possibility of automating cell counts. The output is an absolute cell count

(within the theoretical area captured within the OCT volume) or cell density.

1.3.2.2 Anterior chamber flare

As noted earlier, anterior chamber flare is the appearance given by a light scattering optical
phenomenon called the Tyndall effect. Laser flare photometry, a device which measures this
effect, has been available since the 1980s and has been validated for quantifying AC flare in
uveitis. The device production has been led almost exclusively by Kowa (Kowa Company Ltd,
Nagoya, Japan) and has gone through several generations of updating. Its output is a
measurement in photons and studies have been conducted to correlate the photon count to
clinician grading.(Tugal-Tutkun and Herbort, 2010; Konstantopoulou et al., 2015) The only
alternative technology proposed for AC flare measurement is AS-OCT. Invernizzi et al have
demonstrated the ability to utilise pixel brightness of the aqueous on AS-OCT, as a surrogate for

AC flare.(Invernizzi et al., 2017)

1.3.2.3 Vitreous haze

Keane et al have previously demonstrated the repurposing of macular OCT scans to quantify
vitreous haze.(Keane et al., 2014) The technique, which has since been automated, uses signal
intensity in the vitreous compartment captured on OCT as a surrogate for vitreous haze.(Keane
et al., 2015) This technique has been shown to generalise across different populations and OCT
devices, and also has preliminary supporting evidence that it may detect treatment response.
The output measurement is a continuous variable on an arbitrary scale which represents the

signal intensity.
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1.3.2.4 Chorioretinal lesions

Chorioretinal lesions can be captured sequentially over time on fundus cameras and ultra wide-
field fundus photographs, such as using the Optos device (Optos Plc, Dunfermline, Scotland,
UK).(Campbell et al., 2012; Leder et al., 2013) These devices allow a series of imaging records
to be kept, allowing subjective comparisons of old and new lesions between visits. The ability to
record this in an image is already an improvement upon clinician examination alone. However,
as with the other biomarkers described above, the ideal scenario is if the lesions can be
segmented and quantified. Madhusudhan et al have noted that the functions already in place for
measuring retinal thickness could be employed to detect focal structural changes near
inflammatory lesions.(Madhusudhan, Keane and Denniston, 2016) Attempts to automatically
demarcate and measure ‘area affected’ have been attempted using multi-modal imaging
(infrared and blue autofluoresence (AF) imaging using an OCT device), in combination with
automated segmentation and summation of total area affected.(Ometto et al., 2020) This

provides the ability to follow the progression of individual lesions over time (Figure 4).

Figure 4. Automated analysis of chorioretinal lesions using multimodal imaging and calculation of
total affected area and expansion rate over time.(Ometto et al., 2020)
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1.3.2.5 Retinal vascular leakage

Retinal vascular leakage, as described previously, is only truly demonstrable using dye-based
tests such as fluorescein angiography (FA) and therefore is already reliant on imaging-based
methods in routine practice. Retinal vascular inflammation is often found in the peripheral
vessels and therefore recent advances in ultra-widefield fundus imaging have greatly improved
FA image capture, by extending the field of view to up to 200-degrees (Optos, Optos PLC,
Dunfermline, Scotland, UK) compared to the conventional 60-degree fundus
cameras.(Mackenzie et al., 2007) However, the interpretation of leakage on FA remains
descriptive and only qualitatively assessed in routine clinical practice. The ‘amount’ of leakage
seen on FA is often not quantified at all, or at best summarised in terms of location (central or
peripheral) and a vague estimate of area involved (e.g. less or more than 50% of the retinal
vasculature).(Pecen et al., 2017) Both manual and automated systems for automated
quantification have been proposed to provide various metrics (including total area of leakage,
areas of peripheral versus central/macular leakage and areas of non-perfusion).(Karampelas et
al., 2015) Although the clinical relevance of each proposed metric is yet unclear, they at least
provide a comparable measurement over time. Automated systems have been developed for
detecting the retinal vasculature and vessel leakage of fluorescein dye on fundus imaging in

other retinal diseases such as diabetic retinopathy.(Ehlers et al., 2017; Jiang et al., 2020)

1.3.2.6 Macular oedema

Macular oedema describes accumulation of intra-retinal fluid at the central macular region and
is a common manifestation of posterior segment-involving uveitis. It was determined not to be a
key measure of inflammation at the NEI/FDA workshop, as it was considered a complication of
the inflammation rather than a sign of activity.(Holland, 2015) It is mentioned here for two

reasons. First, macular oedema is often used in clinical practice to inform treatment decisions,

39



as its consequences are visually significant and therefore it is an important outcome for
patients.(Sugar et al., 2011) Second, of all the measurable dimensions of disease, OCT
quantification of macular oedema is perhaps the most reliable and precise measurement

available today.

Before OCT was available, macular oedema was diagnosed by the pathological elevated
appearance of the macula, through slit lamp biomicroscopy. This method was only able to
detect macular oedema in relatively severe cases and estimations of macular thickness was
impossible to judge by eye, even by highly skilled clinicians.(Browning et al., 2004) Fluorescein
angiography also played a part in the assessment of macular oedema, characteristically
appearing as diffuse leakage of fluorescein dye around the macular area and/or potentially

pooling of dye in cystoid spaces.(Kempen et al., 2013)

In the last decade, OCT has become widely accepted as the gold standard for imaging macular
oedema, and its use is well established in retinal diseases beyond uveitis (such as diabetic
retinopathy and wet age-related macular degeneration).(Browning et al., 2004; Schmidt-Erfurth
and Waldstein, 2016) It has enabled cross-sectional imaging of retinal volumes to examine
structural changes. Features of the retina can be assessed and recorded quantitatively
(thickness of the retina and individual retinal layers) and qualitatively (pattern of fluid
accumulation, presence of cystoid spaces and changes in the architecture of retinal layers).
Moreover, the addition of spatial tracking functions such as ‘follow-up’ of sequential scans allow
precise longitudinal comparison of changes in measurements taken at the same anatomical
point.(Giani et al., 2012) The ability to track fluctuations in retinal thickness over time has
therefore become highly reliable and precise. It is therefore no surprise that most recent clinical

trials have adopted central retinal thickness as an outcome measure and most ophthalmic units
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now carry out OCT monitoring scans as routine practice.(Macular Edema Ranibizumab v.

Intravitreal Anti-inflammatory Therapy Trial - ClinicalTrials.gov (NCT02623426), 2020)

1.4 Optical coherence tomography

1.4.1 Imaging modality

OCT is a non-invasive imaging method which was first introduced in the 1990s.(Huang et al.,
1991) It is based on the principles of measuring back-scattered light from different tissues (such
as the retinal tissues within the eye) to construct cross-sectional depth signal profiles (A scans).
Multiple A scans can be combined in a linear formation to form 2 dimensional images (B scans)
and multiple B scans can be acquired along yet another axis to produce 3 dimensional volumes.
Earlier generations of OCT used time-domain technology, which is based on the principles that
tissue at different location introduces longitudinal time delays to the light signal.(Costa et al.,
2006) By comparing two beams of light (one reflected from the ocular tissue and another
reference beam), the time-of-flight delay information can be used to indicate location of the
reflective tissue. Significant advances have been achieved in the last decade with the
introduction of spectral domain OCT (SD OCT), which is based on fourier domain detection and
has significant improvements in speed, resolution and reliability.(Choma et al., 2003; Leitgeb,
Hitzenberger and Fercher, 2003) Current models of OCT achieve high axial resolution up to
approximately 5 microns, almost the same size as a human erythrocyte (6.2-8.2 microns).(Mary
and Turgeon, 2005; van Velthoven et al., 2007; Leite et al., 2011) The ability to view cross-
sectional and 3D reconstructions of the retina, at a near-cellular level, is akin to in vivo

histological analysis (Figure 5).
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Figure 5. OCT and histology image of the optic nerve from the reproduced from the first
publication describing OCT (Huang et al 1991).

BV = blood vessel, RPE = retinal pigment epithelium, SRF = subretinal fluid.

1.4.2 Common applications of OCT in routine practice

Most ophthalmic clinics now utilise OCT as a routine diagnostic tool, with the acquisition of
images usually being carried out by trained imaging technicians. Given the speed and ease with
which OCT images can be acquired, it is relatively convenient to incorporate OCT as part of the

clinic flow.

The two most common applications for the use of OCT in ophthalmology are to image the
central retina (macular scans) and the retinal nerve fibre layer (RNFL) surrounding the optic
nerve. Macular scans provide detailed architectural information and repeatable measurements
which can be used to detect pathological changes over time in a wide range of retinal diseases,
including many of the leading causes of blindness including age related macular degeneration
and diabetic macular oedema. OCT measurements such as retinal thickness have been

demonstrated to be highly reliable in both healthy eyes(Tangelder et al., 2008; Kakinoki et al.,
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2009; Leung et al., 2009; Liu, A. Kale, et al., 2019) and eyes with pathology(Forooghian et al.,

2008; Garcia-Martin et al., 2011; Krebs et al., 2011).

For glaucoma, OCT provides RNFL thickness measurements for glaucoma monitoring.
Automated segmentation of retinal layers can produce thickness measurements with each scan.
This can be used to plot measurements at different time points for monitoring progression over
time (Figure 6). Trends can be derived from historical data to assist determining the rate of

deterioration.

Segmentation errors can occur and tend to be more common in relation to RNFL measurements
at the peripapillary region (Mansberger et al., 2017) and in the presence of pathology(Patel et
al., 2009; Aojula et al., 2018), poor quality scans and movement artefact.(Sadda et al., 2006)
With widefield OCT, the area of capture can be increased to capture more peripheral retina (for
example the Heidelberg SPECTRALIS device can be equipped with two different lenses offering
30 and 55 degrees of view). Another workaround for increasing the area captured is to create
composite images of multiple OCTs images stitched together.(Mori et al., 2012; Reznicek et al.,
2014; Uji and Yoshimura, 2015) Depth of imaging can be increased by shifting the focus
posterior to the retina (i.e. ‘enhanced depth imaging’ (EDI)) to include better visualisation of the
choroid.(Wong, Koizumi and Lai, 2011; Mrejen and Spaide, 2013) Indeed, the EDI technique
has been used in the context of uveitis to measure the subfoveal choroidal thickness and

characterise the vasculature.(Agrawal et al., 2016; Kim et al., 2016)

Anterior segment OCT (AS-OCT) became available more recently and can be used to image
the anterior structures including the cornea, angle, iris and anterior ciliary body and lens. Unlike

retinal and optic nerve head OCT, AS-OCT is less commonly used in current practice.
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Figure 6. Example of Retinal Nerve Fibre Layer thickness from repeated visits and projected rate
of decline (slope of RNFL thickness).
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1.4.3 Practicality of OCT

There are many reasons why OCT has quickly found its place in routine ophthalmic practice. It
satisfies many of the desired practicality attributes of a monitoring test: it is non-invasive, cheap
to maintain and simple to perform.(Glasziou, Irwig and Aronson, 2008) Unlike many other forms
of medical imaging (such as X-Rays, computed tomography and magnetic resonance imaging)
OCT is fast and non-invasive, whilst still providing ultra high resolution visualisation of structures

which cannot be seen through clinical examination.

Operation of most OCT devices is versatile and user-friendly, such that technicians can be
easily trained to acquire routinely used scan protocols. OCT is now the most commonly used

imaging platform in hospital eye services and in the last few years has been introduced into

44



high street optometrists and primary health care settings.(McCormick, 2020) Most OCT scans
are low on burden for the patient, as the acquisition is fast and the only requirement for the
patient is to be able to position adequately on the chin rest and maintain reasonable fixation.
Patients with severe visual impairment may have difficulties with fixation, however a skilled
operator can adapt the acquisition procedure to help the patient use their best seeing eye with
the help of an external fixator. Acquisition in patients who are wheelchair bound or have
severely limited cervical spinal flexibility may be difficult, but there are possible alternative

setups for acquiring images in this group of patients.(Liu, A. U. Kale, et al., 2019)

1.5 Evaluation of a new test

1.5.1 Biomarkers and surrogate endpoints

Biomarkers, clinical outcomes and surrogate endpoints are all different measures of a disease
and its interactions with interventions. Their definitions are distinct and related to each other.
The current definitions provided below are from the 2015 FDA-NIH Biomarker working group’s
BEST (Biomarkers, Endpoints, and other Tools) Resource.(FDA-NIH Biomarker Working Group,
2016)

e A clinical outcome is defined as ‘a characteristic or variable that reflects how a patient
feels, functions, or survives’.

e A biomarker is defined as ‘a defined characteristic that is measured as an indicator of
normal biological processes, pathogenic processes, or responses to an exposure or
intervention, including therapeutic interventions.’

e A surrogate endpoint is defined as ‘An endpoint that is used in clinical trials as a

substitute for a direct measure of how a patient feels, functions, or survives.’
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Biomarkers are used for a variety of purposes in clinical contexts. For example, they can be
used to predict individuals at risk of disease, to screen individuals for early stages of disease, to
diagnose disease in symptomatic individuals, to stage severity of disease, to stratify likelihood of
response to therapy, to determine treatment efficacy and to monitor disease stability and
progression in the long term.(FDA-NIH Biomarker Working Group, 2016) Whether
independently, or in combination with other markers, it can be used to diagnose, monitor and
stage/quantify severity of disease and it can be used to determine treatment efficacy.

In uveitis, the clinical outcomes of interest are symptoms (such as pain and changes in visual
function) and patient reported outcome measures such as quality of life.(Braithwaite et al., 2019)
The ideal biomarker is one that directly measures inflammatory activity, as this is the underlying
pathology which drives all downstream consequences and it is also the physiological target for
immunosuppressant therapies. The commonly used measures of inflammation (those described
in Section 1.2.2.1) have not historically been considered direct measures of inflammation, but
rather surrogate measures. They have also generally not been individually used as clinical trial
endpoints for posterior segment-involving uveitis, as regulators have preferred treatment
benefits to be demonstrated through clinical outcomes (reflecting how a patient feels, functions
or survives) and therefore there has been a tendency for visual acuity to be the preferred
outcome measure.(Denniston, Keane and Srivastava, 2017) Recent trials have adopted
‘disease free status’ or disease ‘inactivity’ as primary outcome measures, which incorporates
eye examination findings and imaging based markers in the assessment.(Jaffe et al., 2016;
Nguyen et al., 2016; ADVISE, 2020) This approach recognises that no one biomarker is

adequate for all individuals with uveitis.
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1.5.2 Choosing a suitable test

Once a suitable biomarker is identified, there needs to be a suitable test with which to detect it.

To ensure a test is suitable, Mant describes in Evidence-based Medical Monitoring: From

Principles to Practice (by Glasziou, Irwig and Aronson) four key criteria which should be met:

validity, high signal-to-noise ratio, responsiveness and practicality.(Glasziou, Irwig and Aronson,

2008)

Validity: the test should measure or predict a biomarker which indicates a clinically
significant event. Earlier, the sequential relationship between disease activity, damage,
visual function and patient experience has been described (Section 1.1.5). We have
argued so far that an ideal test for uveitic inflammation should target the earliest part of
this pathway to reflect the pathophysiological changes (rather than its consequences),
but in order for it to be ‘clinically significant’, the test results should also also be related
to downstream outcomes such as damage, visual function and patient experience.
High signal-to-noise ratio: the test should be able to distinguish true changes in
disease status compared to measurement variability. Measurement variability is the
random variation observed around the true value. Two types of measurement variability
are relevant to tests: technical variability (measurement errors) and biological variability.
a. Technical variability describes the random changes in the variable caused by the
measurement technique. For example, measurement variability from OCT could
arise from various operator-dependent factors (such as inadequate focus) or
machine-dependent factors (such as sensor-level variations).
b. Biological variability describes real changes in the measured variable which
fluctuate on a short-term basis, but which does not reflect a true change in

disease state. For example, the diurnal variations in intraocular pressure are
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considered normal biological variability rather than a true change in physiological

or disease state.(David et al., 1992)
Signal-to-noise ratio is often described in terms of reliability, which refers to the extent to
which an instrument consistently measures its target. A test with good reliability should
demonstrate consistency in measurements over time (test-retest reliability), but also
within observers (within-observer reliability), between observers (inter-observer
reliability) and between operators.
Responsiveness: the test should be sensitive to changes in the clinical status. An ideal
test for uveitis should be sensitive enough to detect clinically significant fluctuations in
inflammatory activity, so that flares can be detected early. Similarly, if treatment is
initiated, the test should be able to detect a response in repeated measurements. The
biomarkers targeted by this test should therefore be rapidly responsive to the condition
getting better and worse. If the test response time is less than the time taken for
development of disease consequences (i.e. time to detect disease activity is shorter than
time to disease damage, or visual function and patient experience), then a window of
opportunity is available for early prevention of subsequent disease sequelae.
Practicality: the test should be safe, easy to conduct and acceptable to the patient. Both
factors are important in a test which is to be repeatedly performed. It should be feasible
for repeated measurements and therefore ideally the test should also be cheap to
perform. In the previous section, OCT was provided as an example of a highly practical
test. This is as opposed to tests like fluorescein angiography, which have traditionally
been used for providing highly useful diagnostic information in the uveitis clinic, but are

not safe or practical enough to carry out repeatedly.
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1.5.3 Test evaluation pathway

The test evaluation pathway can broadly be thought of as three phases: technical validity,
clinical validity and clinical effectiveness. The evaluation is typically carried out in this order in
an iterative fashion. Figure 7 is an expanded version of this model which includes possible
investigations at each stage, to provide supporting evidence of validity for imaging-based tests

in uveitis (grey boxes).

Figure 7. Pathway to validation of a new test

Pathway to Validation of a New Test

Technical validity - Clinical validity »| Clinical effectiveness
High signal-to-noise in: In Health Ability to improve:
- Technical variability Biological variability: Reduce disease activity
= Different device « Within person Reduce disease damage
= 5 Different operator Same time point Visual function
3 E Different time points Patient experience
§ £ * Between person Cost effectiveness
° § In Disease
@ = Assaociation with:
53 - Disease activity
g » Disease damage

» Visual outcomes
» Patient experience

It is worth noting that in non-imaging tests for other use cases, additional parameters may need
to be assessed (for example, blood tests may require additional technical investigations such as

variability introduced by site of sampling, sample storage and handling, etc).
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1.5.3.1 Technical validity

The test evaluation pathway typically begins with a technical evaluation phase, which begins as
a proof-of-concept to investigate whether the test has internal validity. In this phase, the
outcomes of interest include test repeatability, reproducibility and intra/inter-observer variability.
Estimating measurement variability, or noise, requires investigation of repeated measures in
test subjects where the disease state is presumed to be stable. Technical variability should be
assessed using repeated measures taken on one occasion (same visit, same day) and can be
measured at different levels (for example, if there is operator-dependency in performing the test,
then technical variability within the same operator should be established first, before assessing
variability introduced by different operators). For example, the SUN grading systems for AC
cells, AC flare and vitreous haze have been shown to exhibit low to moderate interobserver
agreement in uveitis eyes.(Kempen et al., 2008; Hornbeak et al., 2014)

Investigation of biological variability usually requires a longer time interval than repeated
measures on the same occasion. This interval should be one where reasonable biological
fluctuation could be expected, but where the true disease state is unlikely to have changed.
Fluctuations in retinal thickness variability at different times of the day have been described in
healthy eyes and in pathology(Frank et al., 2004; Gupta et al., 2009), suggesting that retinal
thickness might decrease later in the day. It has also been suggested that posture and the
gravitational effects of being upright, compared to supine, is associated with a decrease in
retinal thickness.(Polito et al., 2007; Almeida et al., 2015) However, this is less of a concern as

most conventional OCT devices acquire images in the same position (patient sitting upright).

1.5.3.2 Clinical validity

If the test demonstrates sufficient technical performance, it can progress to the clinical

evaluation phase, which investigates whether the test can differentiate between healthy and
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disease states and whether the test measurements are related to disease severity. In this
phase, the outcome of interest is usually test accuracy for diagnosing or predicting disease and
association with other meaningful clinical outcomes. For example, for a new test measuring
vitreous haze, the outcome of interest may be diagnostic accuracy (ability to differentiate
presence or absence of vitreous inflammation) or correlation with a meaningful clinical variable
(such as clinician vitreous haze grading) or outcome (such as visual acuity). In this clinical
evaluation phase, the test may need to be assessed in the context of a patient pathway, as its
performance may be affected depending on its use. For example, diagnostic test accuracy is
affected by pre-test probability and population disease prevalence, which varies at different

points along a patient pathway.(Bossuyt et al., 2006; Mallett et al., 2012)

1.5.3.3 Clinical effectiveness

Ultimately, if a test can be shown to have good technical and clinical validity, the final stage of
evaluation is to demonstrate whether the test can add clinical value by demonstrating a
beneficial effect on patient outcomes. As tests usually form one part of a care pathway, their
efficacy is closely tied to what happens before it (e.g. prior tests) and after it (e.g. the
therapeutic decision following test results, the therapy that is subsequently implemented and the
patient’s adherence to it).(Bossuyt et al., 2006) Therefore the test and its subsequent treatment
strategy may need to be considered in tandem as an overall test-treatment intervention.
Ferrante di Ruffano et al have proposed a framework for assessing the value of diagnostic tests,
which not only considers treatment accuracy, but also other important aspects which may affect
its clinical value (including acceptability, procedural harms and placebo effects, interpretability,
timing and speed of diagnosis, user confidence and therapeutic yield).(Ferrante di Ruffano et

al., 2012)
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1.6 Aims and Objectives of the Thesis

Being able to monitor uveitic inflammatory activity in a sensitive, objective and accurate way is
essential for rationalising therapeutic decisions as part of the routine clinical care and for
demonstrating drug efficacy in clinical trials. Current standard measures of assessment, based
on clinical examination by a clinician, are inadequate. In recent years, with the widespread
adoption of high resolution, non-invasive imaging, proposals for instrument-based technologies
have emerged, which may be able to replace the current methods. These techniques offer

objectivity and potentially higher sensitivity, therefore warrant further exploration.

The broad aims of this thesis are in two parts:

1. To identify potential technologies for measurement of key inflammatory variables which
are currently quantified using SUN grading systems and assess their technical and
clinical validity.

a. This will be done through three systematic reviews for instrument-based tools
measuring each of:

i. AC cells
i. ACflare
iii.  Vitreous haze.

b. Each review will seek to evaluate the reliability of the proposed instrument and
the strength of correlation between instrument measurements and clinical
measures (clinician grading systems)

2. To prospectively evaluate the technical reliability and clinical validity of a novel OCT-

based system for analysis of vitreous inflammation:
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a. This is evaluated through the prospective OCT-Assisted Vitreous Evaluation
(OCTAVE) study.

b. The first part of this study will evaluate the test-retest variability of the OCT-
based system in healthy eyes.

c. The second part of the study evaluates the test-retest variability of the OCT-
based system in uveitic eyes, as well as the association between the OCT-based
measure with other markers of inflammation (including clinical vitreous haze

grading, vision and macular thickness).
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Chapter 2: Instrument-based tests for measuring

anterior chamber cells in uveitis

This chapter explores potential instrument-based technologies for measuring AC cells. It
consists of a protocol and systematic review which aimed to identify instruments used to
measure AC cells in uveitis. This is the first systematic review in a series of three identifying
potential technologies for measuring the key inflammatory variables, currently quantified using
the SUN grading system. The systematic review evaluates the level of correlation between the
instrument’s measurements with clinician assessment (through the use of grading systems such

as the SUN grading system) as well as the instrument’s reliability.

The protocol for the systematic review was registered on PROSPERO (CRD42017084156) and
is published at: Liu, X, et al. (2019). Instrument-based tests for measuring anterior chamber

cells in uveitis: a systematic review protocol. Syst Rev 8, 30.
The report for the systematic review is published at: Liu X, et al. (2019). Instrument-based tests

for measuring anterior chamber cells in uveitis: a systematic review protocol. Syst Rev.

2019:8(1):30.
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Abstract

Background: Uveitis describes a group of inflammatory conditions affecting the eye. The ability to monitor
inflammatory changes in anterior uveitis is crucial in clinical practice for making treatment decisions and in
clinical trials for testing therapeutic agents. The current standard for quantifying anterior segment inflammation is
clinical slit-lamp examination findings classified using the Standardisation of Uveitis Nomenclature (SUN) grading
system. Such clinical grading systems rely on a subjective estimation using the slit lamp and are often non-linear and
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have emerged over the last few decades, which can provide objective and quantifiable measurements. This review will
evaluate the reliability of such technologies and their level of agreement with anterior chamber (AC) cell count using
clinical slit-lamp examination.

Methods: Standard systematic review methodology will be used to identify, select and extract data from studies that
report the use of any instrument-based technology in the assessment of AC cells. Searches will be conducted through
bibliographic databases (MEDLINE, EMBASE and Cochrane Library), clinical trial registries and the grey literature. No
restrictions will be placed on language or year of publication. The outcomes of interest are the correlation of index test
measurements of AC cells with clinical grading systems using slit-lamp examination and the reliability of each index
test identified. Quality assessment will be undertaken using QUADAS2. Degree of correlation between the index and
reference test measures will be pooled and meta-analysed if appropriate.

Discussion: A number of instrument-based tools are available for measuring AC cells. This review will evaluate the
technologies available and measure the level of correlation of these alternative methods with clinical grading systems
as well as their performance in reliability and repeatability. The findings of this review will identify those objective,
instrument-based technologies which show good utility for measuring AC cells in a quantifiable way and which
warrant further exploration for their sensitivity and reliability over the current standard.
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Background

Uveitis is a group of inflammatory conditions affecting
the eye. It is a major cause of blindness globally, with an
estimated prevalence of 38 to 114.5 per 100,000 popula-
tion [1-3]. Uveitis can occur in any age, but it has a ten-
dency to affect the working-age group, thus having a
high socio-economic impact [1].

The Standardisation of Uveitis Nomenclature (SUN)
Working Group classifies uveitis based on the anatom-
ical focus of inflammation: anterior (anterior chamber),
intermediate (vitreous), posterior (retina and/or choroid)
and panuveitis (all anatomical parts) [4]. This systematic
review focuses on inflammation in the anterior chamber,
where inflammation causes a disruption to the normal
blood-aqueous barrier, resulting in leakage of cells into
the aqueous humour. These cells can be observed as
floating particles in the anterior chamber (AC). An in-
crease or decrease in the number of AC cells can be in-
dicative of improving or worsening disease and are
critical in identifying active inflammation and rationalis-
ing treatment decisions [4].

Clinical examination of AC cells

The current standard measurement as defined by the
SUN grading system is clinical examination by slit-lamp
biomicroscopy, whereby a clinician aims a 1 x 1-mm slit
beam through the anterior chamber and counts the
number of cells visible in the lit area [4]. The cell count
is placed into one of six grades in the SUN grading sys-
tem (Table 1). Prior to the SUN grading system, a num-
ber of alternative systems existed which attempt to
quantify cells in the same way; however, the SUN grad-
ing system is now the accepted standard for clinical
practice and for clinical trials [5-9].

Optical coherence tomography

In the last few decades, novel ophthalmic imaging tech-
niques such as optical coherence tomography (OCT)
have become widely adopted and provide new ways of
quantifying disease through instrument-based measure-
ments. OCT is fast, non-invasive and provides a

Table 1 The Standardisation of Uveitis Nomenclature (SUN)
working group grading scheme for anterior chamber cells

Grade Cells in field
0 <1

05 + 1-5

1+ 6-15

2+ 16-25

3+ 26-50

4+ >50

Standardisation of uveitis nomenclature for reporting clinical data. Results of
the First International Workshop. [4]
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quantifiable measure of ocular structure that is more
sensitive and reliable than clinical estimates. Anterior
segment optical coherence tomography (AS-OCT) can
provide cross-sectional imaging of the AC and is able to
identify cells in the anterior chamber as hyper-reflective
dots. Several studies have suggested that AC cell count
on OCT correlates with clinical grading [10, 11]. Add-
itionally, the number of dots/cells in a given volume of
aqueous humour can be counted manually or with auto-
mated software [12].

Laser flare and cell photometry
The laser flare meter was introduced in 1988 for quanti-
fication of anterior chamber protein and cells [13]. It is a
fast and non-invasive technique which measures the
amount of light scatter from particles as a laser beam is
projected into the anterior chamber. The amount of
back-scattered light is proportional to the concentration
and size of proteins and cells in the aqueous humour.
Laser flare-cell photometry is primarily used in the es-
timation of AC flare (the hazy appearance given to the
aqueous fluid by inflammatory proteinaceous leakage);
however, certain models can be used for counting AC
cells. Counting of cells by laser photometry is reported
to be less accurate than its use in measuring flare, par-
ticularly in the extreme ends of the spectrum [14].

Purpose

Although we are aware of two main instrument-based
techniques for quantifying AC cells, it is possible that
more technologies, newer generations of the same tech-
nologies or the same technologies accompanied by
newer acquisition techniques and software automation
are available. The aim of this systematic review is to in-
vestigate all instrument-based methods for quantifying
AC cells and evaluate the correlation of these measures
with clinical grading using slit-lamp examination in pa-
tients with uveitis. Where reported, we will also compare
the level of reliability and repeatability for these methods
to determine which yields the most reliable results. For
the purposes of this review, we will refer to all
instrument-based methods as ‘index tests’.

Aim
To investigate which instrument-based technologies for
measuring anterior chamber cells in uveitis are available
and assess their level of validation.

The following questions are proposed:

e Which non-invasive instrument-based tests (index
tests) have the potential to measure anterior
chamber cells in uveitis?

e What is the level of agreement between each index
test and grading by clinical examination?
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e What is the reliability and repeatability of each
index test?

Methods

Protocol

This protocol is designed as per guidelines of Preferred
Reporting Items for  Systematic Review and

Meta-Analysis Protocol (PRISMA-P) [15]. The system-
atic review will be reported in accordance to the
PRISMA guidelines [16].

Systematic review registration
Our protocol has been registered on PROSPERO
(CRD42017084156) [17].

Searches

Databases

The relevant data for this review is likely to come from
studies assessing a variety of quantitative research ques-
tions in uveitis; therefore, our search strategy will reflect
the pathological finding of interest ‘anterior chamber
cells’ and the disease context ‘uveitis’. No search terms
will be applied for the ‘technologies/tests’ to maximise
sensitivity of the search. For bibliographic databases,
free text and index terms (where available) will be
combined for each search element. A sample search
strategy for MEDLINE can be found in the Appendix.
We will search:

e Bibliographic databases of published studies
e MEDLINE (Ovid), 1946—present
e Embase (Ovid), 1947—present
e The Cochrane library, database inception—present
e Centre for Reviews and Dissemination database
(Health Technology Assessments and the Database
of Abstracts and Reviews of Effects), database
inception - present
e Registers of clinical trials
e Clinicaltrials.gov (www.clinicaltrials.gov)
e WHO International Clinical Trials Registry
Platform (ICTRP portal) (www.who.int/ictrp)
e Abstract and conference proceedings
e British library Ethos
e ProQuest (www.proquest.com)
e Dissertations and theses
e British Library’s ZETOC
e Conference Proceedings Citation Index (Web of
Science)
e QGrey literature
e OpenGrey (Wwww.opengrey.eu)

No restrictions will be placed on year or language of
publication. The literature search results will be entered
onto EndNote x 8.2 (Clarivate Analytics, Philadelphia,
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PA) to facilitate removal of duplicates, study selection,
recording decisions and references. References to other
works will be considered for inclusion.

Selection criteria

Participants/population

The populations of interest are those with evidence of
anterior chamber cells and/or a diagnosis of uveitis, irre-
spective of active or inactive inflammation. There will be
no restrictions on age, gender, ethnicity, or underlying
aetiology or anatomical subtype. Studies with only
healthy participants and studies on animals will not be
included.

Index test

Included studies should describe one or more
instrument-based methods for counting the number of
anterior chamber (AC) cells.

Comparator
Included studies should use a clinical grading system
(such as the SUN grading system) as a comparator.

Primary outcome

The primary outcome is the correlation between index
tests and the clinical grading system; the reported out-
come should be a correlation coefficient for the two
measures. Studies which do not report a correlation co-
efficient but report matched measurements for the index
and reference tests can be included, and the correlation
coefficient extrapolated during analysis.

Additional outcome

To assess the reliability of a test, inclusion of a compara-
tor is not required. The outcome of interest is intra/in-
ter-observer reliability and repeatability of an index test
in the same population as above.

Type of study
There will be no restrictions on study design; however,
evaluation of correlation between index test and clinical
grading using slit-lamp examination requires both tests
to be done in a cross-sectional manner. Only those stud-
ies where measurements are taken within a reasonable
time point (within 24 h of each other) will be included.
Case reports involving only one subject, commentar-
ies, opinion articles and pictorial articles will not be
included.

Selection process

Titles and abstracts of records returned by the searches
will be screened for relevance to the review, to remove
obviously irrelevant studies Two independent reviewers
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will carry out quality assessment and reach consensus by
discussion or referral to a third reviewer.

Full text of potentially relevant articles will be re-
trieved and assessed for inclusion in the review against
the full selection criteria.

Data extraction

Data will be extracted from the included studies using a
standardised data extraction form in Microsoft Excel
(Microsoft, Washington, UK). The extraction process
will be carried out by two independent reviewers with
referral to a third reviewer if necessary. Information to
be extracted from all studies include the following:

e Study characteristics
e Title, authors, publication year, journal and
language
e Sample size
e Study design
e Index test used
1. Manufacturer and model (including
resolution and scan speed)
2. Image acquisition settings
Area, volume and position scanned in the AC
4. Software for image analysis and level of
automation (manual, semi-automated or
fully automated)
e Clinical grading system measurements
1. Observer (same observer or different observers)
2. Description of grading system used,
including the name of the system, number
of grades and number of cells in each grade
3. Slit lamp settings such as area and brightness
of illumination
e DPatients’ characteristics
e Age, gender and ethnicity
e Underlying aetiologies (type of uveitis, anatomical
subtype, aetiological classification)
e Active or inactive disease
e If the study involves a therapeutic intervention:
treatment details (indication, drug, dosage, route,
subject pre/post-treatment status and length of
follow-up)
e Outcomes and findings
e Data will be extracted in preparation for two
separate analyses depending on the data reported:
1. Evaluation of correlation between index tests
and a clinical grading system: Studies which
include AC cell measurement by both index
test and a clinical grading system in the same
population will be used to evaluate the level
of correlation between the two tests. The
correlation coefficient reported will be
directly extracted. If no correlation coefficient

w
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is reported, we will extract index and reference
test measurements, providing they are matched,
and calculate the correlation coefficient. If the
two measurements are not matched, we will
contact the authors for matched measurements.

2. Evaluation of reliability and repeatability of
an index test: Studies which report intra- and
inter-observer reliability for a study will be
analysed separately for assessment of
repeatability. The reported kappa values
will be extracted for intra-observer reliability
and inter-observer reliability.

o Cross-sectional measurements may be nested within
longitudinal studies whose primary aims are not to
compare performance or correlation between two
tests. In this situation, measurements at each time
point should be extracted and analysed as individual
cross-sectional comparisons

e Results of sub-analyses and sensitivity testing for
uveitis subtype (aetiological and anatomical) and
disease activity (active versus inactive disease)

Quality assessment

Quality assessment of all included studies will be based
on elements from the Quality Assessment of Diagnostic
Accuracy Studies tool (QUADAS?2) [18]. Assessment will
be carried out at the study level. Two independent re-
viewers will carry out quality assessment and refer to a
third reviewer if needed.

It is anticipated that a small number of studies will meet
the inclusion criteria, with many of which being early
proof-of-concept studies with a high risk of bias. There-
fore, the risk of bias assessment and quality of evidence
will be reported but will not influence data synthesis.

For studies assessing the correlation between an index
and reference test, the following four risk of bias do-
mains will be rated as low, high or unclear [18]:

1. Selection of participants

a. Selection of participants with different degrees
of disease severity should be justified in the
context of assessing the full spectrum of disease,
as opposed to any prior knowledge of how
disease severity may affect test performance. As
severe inflammation (i.e. grade 4+) is less
prevalent than mild inflammation (i.e. + 0.5), a
random selection of participants would
invariably result in more participants with
milder disease than participants with severe
disease.

b. Exclusion of participants should be justified in
the context of interference with index test
measurement (i.e. corneal opacities may prevent
visualisation of AC structures behind it, or the
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presence of AC pigment may appear like AC
cells but is caused by a different pathological
process).

2. Index tests

a. We will consider whether index test acquisition
and analysis parameters were determined a
priori and consistent for all participants in the
study.

b. If analysis of index tests were done manually
(i.e. manual counting of AC cells in an image),
we will consider whether the observer was
blinded to the clinical AC cell grading, and vice
versa.

3. Reference test

a. We will consider whether assessment using the
clinical grading system in each study was
standardised, i.e. performed by the same
clinician, consistent slit-lamp settings such as
brightness of illumination and ambient settings
such as room lighting.

4. Flow and timing

a. Order of tests: The order of tests does not affect
the interpretability of results if the observer of
one test is blinded to the results of the other
test.

For studies assessing the reliability of a single index
test, the same assessment should be done for selection
of participants and index tests as above. Additional con-
siderations should be given for:

1. Intra-observer reliability studies: the conditions
under which index test repeatability was performed
should be reported and kept consistent (i.e. room
lighting, slit lamp beam intensity).

2. Inter-observer reliability studies: as well as the
points relating to intra-observer reliability, any
differences between observers (such as seniority and
experience) should be reported and accounted for.

Data synthesis

Data synthesis will be divided into analysis for the two
outcomes: correlation with reference test and reliability
of index test. For each outcome, a narrative synthesis of
tabulated evidence will be conducted and supported with
a meta-analysis where possible.

1. Evaluation of correlation between index and
reference test
a. These studies will be grouped by type of
technology (i.e. OCT, laser flare cell photometry).
For each type of technology, we are expecting
small numbers of studies; therefore, we will
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analyse different platforms, generations or
manufacturers of the same technology together.

b. Studies will then be grouped by comparator (i.e.
different clinical grading systems).

c. If the data allows, correlation coefficients
between each index test versus reference test
will be compared and pooled for meta-analysis.

2. Evaluation of reliability and repeatability of an index
test

a. These studies will also be grouped by type of
technology, as described above.

b. Intra-observer and inter-observer reliability will
be analysed separately for each technology. If
the data allows, reliability measure (i.e. Kappa
values) will be compared and pooled for
meta-analysis.

Assessment of clinical and methodological homogen-
eity will determine whether studies are sufficiently
similar to allow for appropriate data pooling by
meta-analysis. Heterogeneity across studies in each
meta-analysis will be quantified using the I° statistic. Ir-
respective of the ability to appropriately undertake any
meta-analyses, data will be reported narratively across all
studies for each grouping.

We will perform sensitivity analyses if there is signifi-
cant heterogeneity between studies. If data permits, we
will consider subgroup analyses for population groups
(ie. age, gender and ethnicity), anatomical subtype of
uveitis and aetiological subtype. It is anticipated that
only a small number of studies will be relevant to the in-
clusion criteria, and this may limit our ability to carry
out meaningful subgroup analyses.

Discussion

The assessment of uveitis is complex: firstly, because
uveitis describes a heterogeneous group of diseases with
significant variations between different anatomical and
disease-specific subtypes, and secondly, because many
clinical measures in ophthalmology are based on visual
function (namely visual acuity), which are subjective to
the patient and do not always reflect active inflamma-
tion. Treatment for anterior uveitis, namely topical ste-
roids, carry side effects such as increased risk of
glaucoma and accelerated onset of cataract. The ability
to reliably measure ocular inflammation in uveitis is im-
portant for rationalising treatment in clinical practice
and assessing disease outcome in clinical trials.

Whilst the consensus Standardisation of Uveitis No-
menclature meeting of 2005 was a significant effort to-
wards defining a systematic method in assessing uveitic
inflammation, it is recognised that its reliance on clinical
examination remains subjective, unreliable and poorly
sensitive. A number of factors can affect the examiner’s
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ability to see AC cells including the slit lamp optics, the
degree of illumination, and the observer’s skills [19]. The
problem exists that clinical grading through examination
is error-prone and is therefore susceptible to
intra-observer and inter-observer variability [19, 20].
Clinical grading systems also typically classify levels of
severity into stepwise grades, in a non-continuous and
non-linear fashion, with a wider range of cell counts in
the higher grading groups (i.e. 26-50 cells in field for
grade 3+ and > 50 cells in field for 4+) than lower grad-
ing groups [4]. According to the SUN criteria, “improved
activity”, or a decrease in inflammation, requires a
two-step improvement or resolution to grade 0. How-
ever, a much larger reduction of AC cell count is re-
quired in higher grades of inflammation (i.e. 4+ to 2+
requires 50+ cells decreasing to 16—25 cells) than lower
grades (i.e. 2+ to 0.5+ requires 16—25 cells decreasing to
<1 cells). This non-linear grading scale may not be able
to detect small changes, especially within higher grades
of inflammation, allowing potentially clinically meaning-
ful changes to go undetected. In clinical trials, this could
result in new therapies being deemed as failure, despite
having a clinically significant improvement.

Instrument-based technologies such as the laser
flare-cell photometer and OCT have shown potential for
assessing anterior chamber cells in several studies. These
instrument-based measures are less operator-dependent
and carry advantages such as objectivity. However, their
performance in these domains has not been compared in
a systematic way. The field of ophthalmic imaging is con-
tinuing to expand rapidly; therefore, it is timely to under-
take a systematic review to examine the evidence for
instrument-based measures of intraocular inflammation.

This systematic review will explore the range of tech-
nologies available for measuring AC cells to estimate
their level of reliability and correlation with clinical
grading systems. The findings from this review would
contribute to the process of validating instrument-based
methods for guiding treatment decisions in clinical care
and for measuring outcome in uveitis clinical trials.
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ABSTRACT

Purpose: New instrument-based techniques for anterior chamber (AC) cell counting can offer automation and
objectivity above clinician assessment. This review aims to identify such instruments and its correlation with
clinician estimates.

Methods: Using standard systematic review methodology, we identified and tabulated the outcomes of studies
reporting reliability and correlation between instrument-based measurements and clinician AC cell grading.
Results: From 3470 studies, 6 reported correlation between an instrument-based AC cell count to clinician
grading. The two instruments were optical coherence tomography (OCT) and laser flare-cell photometry
(LECP). Correlation between clinician grading and LFCP was 0.66-0.87 and 0.06-0.97 between clinician grading
and OCT. OCT volume scans demonstrated correlation between 0.75 and 0.78. Line scans in the middle AC
demonstrated higher correlation (0.73-0.97) than in the inferior AC (0.06-0.56).

Conclusion: AC cell count by OCT and LFP can achieve high levels of correlation with clinician grading, whilst
offering additional advantages of speed, automation, and objectivity.

Keywords: Anterior chamber cells, aqueous humor, aqueous humour, diagnostic test, laser flare-cell photo-
metry, optical coherence tomography, systematic review, uveitis

Uveitis, an umbrella term describing inflammatory which is predominantly characterized by AC cells
ocular conditions, is a significant cause of blind- and flare, where disruption of the blood-aqueous
ness worldwide." Anterior uveitis describes barrier results in leakage of inflammatory blood
inflammation affecting the anterior chamber (AC), constituents into the aqueous humor.
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Detection and monitoring of disease activity is cru-
cial for rationalizing medical therapy, which is parti-
cularly important because therapeutic interventions
for uveitis carry risks of significant adverse ocular
and systemic side effects; these include cataract raised
intraocular pressure and opportunistic infection. The
Standardization of Uveitis Nomenclature (SUN)
Working Group proposed the now preferred clinical
AC cell grading system.* In this, an observer aims
a 1 mm? light beam through the AC and counts the
number of illuminated cells visible. The cell count is
then placed into one of six grades in the SUN grading
system (Table 1). Prior to SUN, a number of alterna-
tive systems existed that quantified cells in a similar
way.5_9

Multiple limitations of this system are recognized.
First, it is prone to bias due to reliance on subjective
estimation of an observer. Although instructions dic-
tate that cell counting should be carried out in one
moment in time, in reality, this is a near-impossible
task, especially at higher grades where cell counts
exceed 30-40 cells/mm?. Second, the SUN grading
system uses a non-linear, non-continuous scale with
large steps between grades. Changes in inflammatory
activity within one grade may go undetected, espe-
cially in the higher grades. Third, it relies upon the
presence of an ophthalmic clinician trained in slit-
lamp biomicroscopy, and therefore limits disease
monitoring to a hospital setting. Consequently, deliv-
ery of uveitis care in other health-care settings such as
remote screening and community-based monitoring
has not been feasible.

Instrument-based techniques such as laser flare-cell
photometry (LFCP), and more recently anterior seg-
ment optical coherence tomography (AS-OCT), have
shown potential for objectively quantifying AC cells.
LECP became available in 1988 and uses the light
scattering properties of AC particles to quantify the
concentration of inflammatory materials in the aqu-
eous humor. It has been primarily validated as a tool
for measuring AC flare,"® the cloudy appearance
given to the aqueous during inflammation, however
several models also have the ability to count AC cells.
AS-OCT provides cross-sectional scans of the AC and
can capture cells in aqueous humor as hyper-

TABLE 1. Clinician grading scales used in each study.

reflective dots. Given the drive towards objective,
quantitative assessment of  disease status,
a systematic examination of the evidence for such
technologies is timely.'"'? This review aims to iden-
tify all instrument-based tools for counting AC cells
and evaluate their correlation with clinician grading
systems.

METHODS

This review was reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) statement.'”> The methodology
was specified in advance and protocol registered
with PROSPERO (CRD42017084156).'41°

Eligibility Criteria

We included studies that described one or more instru-
ment-based methods for counting AC cells in patients
with uveitis (index tests) in comparison to a clinician
grading system (through slit-lamp examination). We
also included studies reporting test reliability (e.g.,
intra or inter-observer reliability and/or repeatability).
We did not place restrictions on age, gender, ethnicity,
underlying etiology or disease activity status. Animal
studies and studies involving only healthy partici-
pants, single case reports, commentaries, opinion arti-
cles, and pictorial articles were excluded.

The primary outcome was the level of correlation
between index tests and clinician grading. The sec-
ondary outcome was intra/inter-observer reliability
and repeatability of the index test.

Search Methods for Identifying Studies

We combined free text terms and index terms reflect-
ing the pathological finding of interest ‘cells’ and
‘anterior chamber’ or ‘aqueous humor’, and the dis-
ease context ‘uveitis’. The search strategy was
adapted to match the index terms in different

Previously published grading systems

Number of cells in each grade, by study

Grade SUN Hogan BenEzra Igbre Invernizzi Sharma Li Ohara Tugal-Tutkun
0 <1 0 <5 <1 <1 <1 0 0 <5
0.5 1-5 - - 1-5 1-5 1-5 1-5 1-4 -
1 6-15 5-10 5-10 6-15 6-15 6-15 6-10 5-10 5-10
2 16-25 10-20 11-20 16-25 16-25 16-25 11-20 11-30 11-20
3 26-50 21-50 21-50 26-50 26-50 26-50 21-50 31+ 21-50
4 50+ 50+ 50+ 50+ 50+ 50+ 50+ - 50+
5 - - hypopyon - - - - - hypopyon
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databases (supplementary materials). Database
searches were carried out in MEDLINE, Embase,
Cochrane Controlled Register of Trials (CENTRAL),
Centre for Reviews and Dissemination Database
(Health Technology Assessments and the Database
of Abstracts and Reviews of Effects), Clinicaltrials.
gov, WHO International Clinical Trials Registry
Platform (ICTRP portal), British Library’s ZETOC,
Conference Proceedings Citation Index (Web of
Science), British Library Ethos, ProQuest and
OpenGrey. We searched all databases from inception
to 22 March 2018, with no date or language restric-
tions. We manually searched citations of review arti-
cles and included studies to identify additional
relevant articles.

Study Selection

Two reviewers independently screened studies at
each stage. Disagreements were resolved through dis-
cussion and input from a third reviewer.

Data Collection

Two reviewers extracted data independently using a pre-
specified data extraction sheet. The data included popu-
lation characteristics (number of participants, gender,
age, underlying etiology), index test characteristics (tech-
nology, manufacturer, model, image acquisition settings,
area sampled and software automation), clinician grad-
ing (name of grading system used, number of patients in
each grade) and outcome (correlation coefficient, inter/
intra-observer reliability). Cell counting analysis was
recorded as fully automated, semi-automated or manual.
For the clinician grading, we extracted how each grade
was defined and whether any modifications were made
to validated clinical grading systems. We contacted three
authors for further information'®® all of whom
responded and one provided further data (confidence
intervals) which was not reported in the original paper.'®

Risk of Bias Assessment

Two reviewers independently assessed risk of bias
using the Quality Assessment of Diagnostic Accuracy
Studies tool (QUADAS-2)."” We adapted each element
in QUADAS-2 to address the review question.
Specifically, we explored potential sources of bias aris-
ing from the index test and clinician grading proce-
dures: whether the test protocols were determined
a priori and standardized for all participants, and
whether observers were blinded to test measurements.

Data Synthesis and Analysis

For each outcome, studies were grouped by index
test technology and then by choice of clinician grad-
ing tool. For each technology, we tabulated the
evidence and provided a narrative synthesis.
Where authors modified clinician grading systems,
these were considered separately from the validated
versions (Table 2). Where confidence intervals for
correlation coefficients were not reported, we esti-
mated them using sample size and correlation coef-
ficient and presented this on a forest plot. All
statistical analysis was performed using Stata
Statistical Software (Release 15. College Station,
TX: StataCorp LP.)

RESULTS
Results of the Search

The study selection process is summarized in the
PRISMA flow diagram (Figure 1). The searches from
database conception to 22 March 2018 yielded 3470
bibliographic records after de-duplication. Of these,
3432 were excluded upon screening of titles and
abstracts. The large number of exclusions is due to
the unrestrictive nature of our search strategy,
which did not specify any index test terms, and
the small number of published studies that made
comparisons between an index test and clinician
grading. The remaining 38 articles were obtained
in full text for further scrutiny and a further 32
articles were excluded. The reasons for exclusion
were missing or incomplete reporting of clinician
grading system (n = 13), the target disease not
being uveitis (n = 15) and no correlation/reliability
outcome reported (n = 4). Six unique studies met
the eligibility criteria and were included (Table 1).

Methodological Quality of the Included Studies

Using QUADAS-2, one study was identified as hav-
ing unclear risk of bias for patient selection due to
the exclusion of patients with posterior synechiae
(supplementary figure), which is known to affect
LFCP readings.® Another study had an unclear
risk of bias in the index test domain as it was
unclear whether observers were blinded to the clin-
ician grading.”' One study had a high risk of poor
applicability due to patient selection, as only
patients with Behcet’s disease were included.”® We
graded all studies as having unclear risk of bias in
the reference test domain due to previously men-
tioned concerns around the reliability of subjective
clinician grading.

Ocular Immunology & \nﬂammation68



Patients’ Characteristics and Design Features

The six studies enrolled 775 eyes (from 630 subjects) and
dated from 1989 to 2017.'7'%2%22 Participants were
recruited prospectively in all studies, except for Igbre
et al. who used existing clinical data. All comparisons
between index test and clinician grading were done in
a cross-sectional manner. Gender was reported in 5 out
of 6 studies, in which 47.8% (n = 301) participants were
male. The mean age was 45.2 years (range 27.0-81.0
years). Four studies included mixed etiologies, one
study did not report underlying etiolo§3l,l6 and one
included only Behcet’s disease patients.”~ The under-
lying etiologies across all studies included non-
granulomatous  uveitis, sarcoidosis, @ HLA-B27-
associated uveitis, unspecified panuveitis, unspecified
intermediate uveitis, pars planitis, acute retinal necrosis,
granulomatous uveitis, juvenile idiopathic arthritis,
Behcet’s disease, multifocal choroiditis, sympathetic
ophthalmia, Vogt-Koyanagi-Harada disease, uveitis
glaucoma hyphema syndrome, birdshot chorioretino-
pathy, herpes simplex virus-associated uveitis, herpetic
keratouveitis, idiopathic uveitis and unknown cause.
Three studies included healthy controls,'*'”*° but only
analyses where uveitis patients separately reported
were included in the correlation analyses of this review.

Clinical Grading Systems

Three studies used the SUN grading system as a
comparator,'*'®* one study used the scoring system
described by BenEzra et al. in 1991,° one study used
a modified version of the 1959 Hogan system,”'” and
one study used an unspecified clinical grading system.'
Upon contacting the author, the justification for mod-
ifying the Hogan grading system was due to the uveitis
specialist’s preference.'”” The differences between the
grading systems are outlined in Table 1. Four studies
reported the number of subjects with each clinical AC
cell grade,'*'®* one study combined grades® (for
example, “26 subjects had grades 0.5 to 2”) and one
did not report this.*' Sources of variation include num-
ber of cells seen in each grade (particularly in grades 1
and 2), the addition of a “0.5+” grade in the SUN grad-
ing system, the inclusion of a grade 5 to account for
presence of hypopyon by the BenEzra system, and the
lack of a specified slit beam size in the Ho%an and
BenEzra systems (SUN grading specifies 1 mm?).>”

Instruments for Measuring AC Cells

Six studies were included for analysis.'®"'*2%"2% All

six studies compared the measurements of AC cells

© 2019 Taylor & Francis Group, LLC
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on an instrument to a clinical grading system and
reported the correlation coefficient. No studies
reported reliability for instrument-based grading.
We identified two instrument-based technologies
for quantifying AC cells: OCT and LFCP.

Optical Coherence Tomography

Four studies reported correlation between OCT and
a clinical grading system.'®'®?? Three studies'®'*??
used commercially available OCT machines and one
used a prototype system.'” The scanning protocols
(including the scan settings, position, area, and
volume scanned) were unique in each study. Li
et al. used a time-domain OCT system (Carl Zeiss
Meditec Inc., Dublin, CA), with an axial resolution of
17 microns and axial depth of 8 mm, to capture
concentric cross-sections of the central AC in 35 uvei-
tis patients (66 eyes). The Visante AS-OCT (Zeiss
Meditec Dublin, CA) was used by Igbre et al. to
capture 4-8 cross-sectional images in 41 patients (78
eyes), but the chamber position, area and volume
scanned were not reported.”” Sharma et al. captured
line scans and 6 mm® scans at the central cornea
using the RTVue-100/CAM (Optovue) in 76 patients
(114 eyes).' Invernizzi et al. used the swept source
Casia SS-1000 OCT device (Tomey Corporation,
Nagoya, Japan) to capture two 6 mm cross-sectional
scans of the AC in 167 uveitic eyes and 70 healthy
eyes.'® Two studies used manual cell counting'®*
and one automated this,'” whilst the fourth study
used both methods."® For the two studies using auto-
mated cell counting, algorithms were developed de
novo for study purposes and are not openly
available.'®'®

Laser Flare-Cell Photometry

Two studies reported correlation between LFCP and
a clinician grading system.””*' In both studies, the
LFCPs were manufactured by KOWA (Kowa
Company, Tokyo, Japan), but the models differed;
FC-1000" and FC-2000.° All flare measurements
were calculated automatically using the machine’s
built-in function. As per the manufacturer’s recom-
mendations, the observer took several readings, dis-
carded the highest and lowest values, before
averaging the final values to derive an average cell
count measurement and a standard deviation. Neither
study reported the position and area/volume of aqu-
eous scanned.
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FIGURE 1. PRISMA flow diagram.

Correlation between Index Tests and Clinician
Grading Systems

All six studies reported a correlation coefficient
between the index test and a clinical grading system,
using Spearman’s 7. The level of correlation between
index tests and clinician grading systems is shown
using a forest plot (Figure 2).

For the time-domain OCT devices, the correlations
were reported to be 0.74 (95% CI 0.62-0.83) in the
Visante device (Zeiss Meditec, Dublin, CA),** and up
to 0.75 for the protogype Zeiss device, depending on
position of the scan'” (highest correlation r = 0.75 for
superior AC and lowest correlation r = 0.06 for infer-
ior AC). For the newer spectral-domain or swept
source OCT devices, which unlike the time domain
models, have a faster acquisition time and maximal
axial imaging resolution smaller than the normal

range of white cell width (10-17 microns),* higher
correlation values were reported (0.97, p < .0001 for
RTVue-100/CAM, Optovue,'® and 0.94, p < .0001 for
the Casia S5-1000 OCT device, Tomey Corporation.'®)
There was no apparent association between the level
of automation of OCT images analysis and the corre-
lation with AC cell count.

OCT can also acquire volume scans by repeating
densely placed single line scans. All four studies used
single line scans at different positions across the ante-
rior chamber. Sharma et al. additionally compared
single line scans to 3D cubic volume scans of 6 mm?,
and found the single line scans to have higher corre-
lation with the clinical grading than the volume scans
(0.94 for single line and 0.74-0.77 for volume scan).'®

For the LFCP, two studies reported correlation
with clinician grading (r =0.66"" and r =0.87'%). The
KOWA FC-2000, which scans a larger volume of
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aqueous (0.5 mm?®) than the FC-1000 (0.075 mm?),
achieved a higher level of correlation (r =0.87").

Study Heterogeneity

There was considerable heterogeneity between the
methodology and populations described by the three
studies which shared a common comparator (SUN
grading).''®** Due to the differences in scan acquisi-
tion parameters (varying sized scan areas and levels
of automation) and distribution of AC cell severity in
the study populations (as measured by clinician grad-
ing), we did not consider the index test measurements
to be directly comparable by meta-analysis.

DISCUSSION

This is the first systematic review to evaluate instru-
ment-based technologies for counting AC cells in
uveitis. We found two technologies for this purpose:
OCT and LFCP.

When these technologies were used in a relatively
consistent way, with precisely specified measurement
and scanning protocols, we found strong correlation
with the SUN grading system (r = 0.74-0.97).
However, the range of correlation for instrument-
based measurements versus clinician grading ranged
from 0.06 to 0.97. Included studies demonstrated
a higher correlation coefficient achieved by OCT
than LECP. However, the inconsistent use of clinical
comparators across studies prevented us from making
direct comparisons between the technologies.

Performance and Limitations of Measures of
AC Cells

Studies of instrument-based cell counting using OCT
versus clinician grading reported correlations of r =
0.06-0.97, and for LFCP r = 0.66-0.87. The variation in
correlations seen between studies of the same plat-
form may arise due to several important factors
which may impact instrument-based measures only,
human clinical measures only, or both.

Factors Affecting Instrument-based Measures

Some variation in the correlation between studies
may suggest that not all instrument-based measures
of the same technology are equal, and that perfor-
mance may be affected by the model and technique
used. Newer models of OCT have higher resolution
(enabling improved discrimination of cells) and faster
acquisition time (overcoming the effects of missing or
double-counting moving cells).

© 2019 Taylor & Francis Group, LLC
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Factors Affecting the Performance of Human-based Clinical
Measures

Some variation in the level of correlation may be
unrelated to the technology, but rather reflect poor
reliability of the clinician-based method. In addition
to the well-recognized generic limitations of subjectiv-
ity and imprecision,”** we noted some specific varia-
tions in choice of clinician grading systems used
across studies. Two studies published after the 2005
SUN Workshop used non-SUN grading systems,'”*°
and one made a custom modification by adding a 0.5
grade to the pre-SUN Hogan system.'” The reasons
for this are unclear. It is unlikely that preference for
one grading system over another is based on percep-
tions of superiority, as all clinical grading systems
share the same issues around subjectivity.
Additional factors that were not always recorded in
these studies but are known to impact the reliability
of the clinical measure are the experience of the clin-
ician, and number of observers independently scoring
each AC.*

Factors Affecting the Performance Of Both Instrument-based
and Human-based Measures

Factors such as patient selection may affect both
instrument-based and human measures. For exam-
ple, including patients with corneal opacity is
likely to reduce performance of both measures
due to reduced cell discrimination, although there
is some evidence it may impact OCT measures
less.”® Our review found higher levels of correla-
tion for scans involving a smaller area of the cen-
tral AC. This difference may arise from several
factors including;:

Areas sampled: Li et al. reported weaker correla-
tion between clinical grading and OCT scans taken
in the inferior, compared to the middle or superior
AC. Li and colleagues suggested there may be an
unequal distribution of AC cells from the superior
to inferior parts of the AC, and a poorer correlation
when comparing the middle AC (captured by clin-
ician grading) and inferior AC (captured by OCT)
could be expected. They hypothesized that smaller
and lighter cells may be carried by the aqueous
circulation to superior parts of the AC, whereas
larger and heavier cells in the AC may accumulate
at the bottom."”

Acquisition time: Increased acquisition time may
allow floating AC cells to move through the aqu-
eous during successive raster scans resulting in
over- or under-counting of cells. Newer OCT mod-
els with higher acquisition speeds are unlikely to
be affected by this problem; however, time-domain
OCT models and various other operator and
patient factors (such as poor fixation, opacities,
and reflections) may affect time required for scan
acquisition.
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FIGURE 2. Forest plot of correlation coefficients reported by all included studies between index test measurements versus clinician
grading, grouped by index test technology and clinician grading system.

Strengths and Limitations of the Review

The strength in this study lies in its systematic approach
of reviewing all publications of instrument-based tool
for AC cell counting with clinician slit-lamp based grad-
ing system. Our search strategy was designed to have
high sensitivity for such studies and we searched
a broad range of databases, including conference pro-
ceedings, dissertation databases, and the grey literature.
Our limitations include the assumption that clinician
grading, the current gold standard, is an appropriate
reference standard for comparison. Our review cannot
answer the question of whether an instrument-based
measure is more accurate than clinician grading.
However, other advantages are apparent, including
capture of a larger area of AC and the ability to auto-
mate the cell counting process, whilst maintaining
a good correlation with the clinician-based method.

Limitations Due to Gaps in the Evidence

First, due to the small number of included studies and
heterogeneity in study design, it was not possible to
provide pooled estimates of correlation coefficients. It
was also not possible to make direct comparisons
between OCT and LFCP due to the non-standardized
use of comparators. Second, there would be value in
evaluating the techniques across different subgroups to

ensure generalisability (i.e., subgroup analysis by dif-
ferent etiological groups, between active and inactive
disease and by age group and gender) but none of the
current studies reported enough subgroup data. Third,
imaging protocols for each study were variable. All
studies for OCT acquired line scans, however total
area of aqueous captured differed in each study. This
might not have been an issue had the number of cells
been reported per area/volume of aqueous. However,
all studies reported absolute total number of cells
observed. Future standardization of the output metrics
generated, including cell count per unit of aqueous, is
needed. This is essential for reliable comparison
between devices such as monitoring a patient over
time between different health settings, where multiple
devices may be used.

Clinical Relevance and Impact

This review found that instrument-based tools can
achieve high correlation with clinical grading. As dis-
cussed, earlier differences in design across studies
preclude reliable head-to-head comparison of the
two instrument-based techniques, but it is likely that
OCT will become the dominant technology for cell
counting as the LFCP models offering cell count
have been discontinued after the FC-2000. In addition,
OCT can be automated and performed without the
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need for a skilled clinician. Implementing this tech-
nology in routine clinical care could potentially offer
more quantitative, objective, long-term monitoring of
anterior uveitis. These technologies could also permit
task-shifting away from a small number of clinical
experts to disease monitoring delivered by techni-
cians. This also carries implications for future care
delivery models, opening the possibility of remote
monitoring and community-based care.

Future studies should consider more explicit
reporting of patient, eye and ocular disease character-
istics to permit meaningful comparison of methods
and devices. Controlled studies, including healthy
individuals recruited from the full age range will
also be important to capture any non-pathological
changes in the permeability of the blood-aqueous
barrier, which develops with age. It will also be neces-
sary for devices to demonstrate discriminant validity,
correctly identifying AC cellular activity resulting
from uveitis, from red blood cells or pigmented iris
endothelial cells. Prospective longitudinal studies of
patients with quiescent and active inflammation are
needed to determine the minimum clinically impor-
tant difference and inform consensus around diagnos-
tic thresholds.”

Based on our review of the literature we would pro-
pose that key industry standards that need to be defined
in order to support cross-device comparison include: (1)
unit of measurement (e.g., cells per mm?); (2) volume
and location within the AC that is sampled; (3) clear
reporting of any custom analysis software, including
image pre-processing, thresholds set for identifying
image features as cells (such as brightness of pixels),
discarding of spurious findings and the degree of man-
ual input required. In addition, all studies that seek to
validate such techniques should report: (1) population
characteristics (including disease etiology and distribu-
tion of disease severity within the cohort); (2) internal
validity measures (such as test-retest reliability and
inter/intra-rater reliability in the case of non-
automated techniques), and (3) confidence intervals
for all reported performance metrics.

CONCLUSION

Instrument-based technologies such as OCT and LCFP
offer objectivity and automation to the assessment of
AC cells in uveitis, and in a controlled setting can
demonstrate high correlation with the current clinical
standard. OCT is likely to become the dominant tech-
nology for cell counting and is suitable for the wide-
scale deployment that would be necessary for it to
become the new standard. However, before this is pos-
sible, there is a need for consensus around measurement
standards for such instruments that would enable cross-

© 2019 Taylor & Francis Group, LLC
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device comparison to support reliable longitudinal
measurement for patients in the real world.
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Chapter 3: Instrument-based tests for measuring

anterior chamber flare in uveitis

This chapter explores potential instrument-based technologies for measuring AC flare. It
consists of a published protocol and systematic review which aimed to identify instruments used
to measure AC flare in uveitis. This is the second systematic review in a series of three
identifying potential technologies for measuring the key inflammatory variables, currently
quantified using the SUN grading system. This review evaluates the level of correlation between
the instrument’s measurements with clinician assessment (through the use of grading systems
such as the SUN grading system) and/or protein concentration measured through aqueous
paracentesis. As with the AC cells systematic review, the instrument’s reliability is also

assessed.

The protocol for the systematic review was registered on PROSPERO (CRD42017084167) and
is published at: McNally and Liu, et al. (2019). Instrument-based tests for quantifying aqueous

humour protein levels in uveitis: a systematic review protocol. Syst Rev 8, 287.
The report for the systematic review is published at: Liu et al. (2020). Non-invasive Instrument-

Based Tests for Quantifying Anterior Chamber Flare in Uveitis: A Systematic Review. Ocular

Immunology and Inflammation, 1-9.
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Abstract

Background: Inflammation in anterior uveitis is characterised by breakdown of the blood-ocular barrier, which
allows leakage of blood constituents of higher molecular weight into the aqueous humour. In routine clinical care,
increase in aqueous protein levels can be observed at the slit lamp as ‘flare’ and the severity can be graded using
various clinical grading systems, of which the Standardization of Uveitis Nomenclature (SUN) grading system is
most commonly used. Alternative instrument-based technologies are available, which can detect aqueous protein
levels in an objective and quantifiable way. This review will identify instruments capable of measuring anterior
chamber inflammation in this way, their level of reliability, and how well the measurements correlate with clinical
grading and/or actual aqueous protein concentration.

Methods: Standard systematic review methodology will be used to identify, select and extract data from studies
that report the use of any instrument-based technology in the assessment of aqueous protein levels. Searches will
be conducted through bibliographic databases (MVEDLINE, EMBASE and Cochrane Library), clinical trial registries and
the grey literature. No restrictions will be placed on language or year of publication. The outcomes of interest are
the level of correlation between identified instrument-based test measurements, clinical grading and/or actual
aqueous protein concentration, as well as the reliability of each index test identified. Study quality assessment will
be based on QUADAS2. Correlation and reliability outcomes will be pooled and meta-analysed if appropriate.

Discussion: The assessment of inflammation in anterior chamber protein levels currently relies on crude and
subjective clinical examination. The findings of this review will identify non-invasive technologies which show good
correlation with actual protein concentration, which could be used in routine clinical practice for objective
monitoring of AC inflammation.

Systematic review registration: PROSPERO CRD42017084167. Study screening stage has just been completed.
Keywords: Systematic review, Uveitis, Anterior chamber flare, Intraocular inflammation, Aqueous humour, Proteins,

Blood-ocular barrier, Monitoring test, Diagnostic test, Optical coherence tomography, Laser flare photometry, Laser
flare meter, Tyndallometry
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Background

Uveitis, a significant cause of blindness worldwide
with a global prevalence of 38-114.5 per 100,000 [1,
2], describes a group of conditions characterised by
intraocular inflammation [3, 4]. Although uveitis can
occur at any age [3], it commonly affects the
working-age group and therefore has a substantial so-
cioeconomic impact [5].

Anterior uveitis is characterised by inflammation of
the anterior uveal tract. The acute symptoms are pri-
marily pain, redness and photophobia, but vision can
be affected. With adequate treatment, these symp-
toms are reversible; however, permanent and vision-
threatening complications (such as posterior syne-
chiae formation, cataract and secondary glaucoma)
can develop in the presence of prolonged inflamma-
tory activity.

Inflammation in the anterior chamber (AC) can
be observed as changes of the aqueous humour.
The aqueous humour is a clear fluid in the anterior
chamber of the eye that provides nutrition, removes
excretory products of metabolism, transports neuro-
transmitters, stabilises the ocular structure and con-
tributes to the regulation of the homeostasis of
ocular structures [6]. In health, the aqueous
humour is well isolated from the blood by blood-
aqueous barriers including the endothelial cells of
the iris capillaries and retinal vessels and non-
pigmented ciliary body epithelium. The aqueous is
mostly water, but also contains electrolytes, carbo-
hydrates, glutathione, urea, oxygen, carbon dioxide,
and proteins [6, 7]. In the absence of inflammation,
only small proteins are present in low concentra-
tions in the aqueous. Inflammation causes break-
down of the blood-aqueous barriers and results in
the release of inflammatory cells and proteins of
higher molecular weight into the eye [8, 9]. The ac-
cumulation of proteins in the aqueous humour can
be observed as flare or Tyndall effect, which is an
optical phenomenon of cloudiness in the aqueous
humour due to increased protein content.

The ability to accurately measure the concentration
of proteins in the aqueous is clinically important for
detecting acute inflammatory episodes and assessing
response to treatment [10]. There are several estab-
lished methods for quantifying aqueous protein
levels, including clinical examination and laser flare
photometry. However, with the exception of aqueous
paracentesis (invasive sampling of the aqueous
humour), existing methods are surrogate measures
relating to the change in optical properties of the
aqueous humour when protein levels are increased.
Each method has its limitations, and it is unclear
whether measurements from different methods agree
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with each other. The following section discusses the
pros and cons of existing measures for aqueous pro-
tein concentration.

Invasive quantification of aqueous protein sampling:
aqueous paracentesis

Currently, the only means of directly measuring the
protein content of the aqueous is by aqueous para-
centesis and analysis in a laboratory setting [11, 12].
While this method provides the most accurate quanti-
fication of aqueous constituents, it is not used rou-
tinely in clinical practice as it is invasive and carries
risk of sight-threatening complications [13]. Conse-
quently, its use is mainly limited to the research set-
ting, and non-invasive methods are used preferably in
clinical practice.

Non-invasive quantification of aqueous protein level
Clinical examination

The current clinical standard for AC flare grading was
defined at the Standardisation of Uveitis Nomenclature
(SUN) working group consensus meeting in 2005 [4].
Prior to this, several systems existed for grading AC flare
[14-17]. Slit-lamp biomicroscopy enables a clinician to
grade increasing protein concentrations in the aqueous
humour due to back-scattering of light emitted from a
slit-lamp. The SUN system grades flare according to the
observer’s ability to visualise details of the iris and lens
behind the aqueous. Grades range from 0, which corre-
sponds to no visible flare, to 4+, which corresponds to
intense flare (Table 1).

Grading of flare based on clinical examination is
subjective and subject to high intra- and inter-
observer variability [18]. In addition, it is a non-
continuous scale, leading to large steps in disease ac-
tivity between categories. Detection and monitoring of
inflammatory changes in anterior uveitis is critically
important for clinical management, decision making
and clinical trials investigating therapeutic agents [19].
The need for a more robust and reproducible method
of measurement is well-recognised within the uveitis
community. Newer imaging techniques have become
available in recent vyears; therefore, it is timely to

Table 1 The Standardisation of Uveitis Nomenclature (SUN)
working group grading scheme for anterior chamber flare [4]

Grade  Flare Description

0 None

1+ Faint Barely detectable

2+ Moderate Iris and lens details clear

3+ Marked Iris and lens details hazy

4+ Intense Fixed coagulated aqueous with considerable fibrin

Source: Ref [4]
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carry out a review of whether they can be purposed
for this unmet need and evaluate how they compare
to the current standard.

Laser flare and cell photometry

In 1988, Sawa et al. first described laser flare photom-
etry (LFP) as a new method to precisely determine
protein concentration in the aqueous humour [20].
LFP is a rapid and non-invasive technique which
quantifies AC flare by projecting a laser beam
through the anterior chamber and measuring the
amount of back-scattered light. Particles present in
the aqueous reflect photons of light, which are then
measured by an inbuilt photomultiplier. The intensity
of back-scattered light is proportional to the concen-
tration and size of proteins in the aqueous chamber.
Most models of LFP are capable of measuring flare,
but the technology can also be used to count AC
cells. However, assessment of AC cells using LFP is
less accurate as inflammatory cells cannot be differen-
tiated from other large particles such as pigment par-
ticles, debris or red blood cells [9].

Optical coherence tomography (OCT)

OCT is an imaging technique which has become
available more recently. It uses coherent light to cap-
ture high resolution 2- and 3-dimensional images of
structures within the eye. It is a fast and non-invasive
method of obtaining high precision images and mea-
surements of ocular structure [21]. Anterior segment
OCT (AS-OCT) can provide cross-sectional imaging
of the AC. Recently, OCT has demonstrated the abil-
ity to detect higher light reflectivity signals on AS-
OCT during active inflammation [21].

Aim

The primary aim of this review is to identify all avail-
able non-invasive, instrument-based techniques with
the potential to quantify protein levels in the aqueous
as a measure of AC inflammation. We will evaluate
the level of correlation of these measurements with
clinical grading using slit lamp examination and/or
actual aqueous protein concentration. Where re-
ported, we will also evaluate the level of reliability of
each test.

A secondary aim of the review is to evaluate the cor-
relation between clinical grading and protein concentra-
tion measured by laboratory analysis of aqueous
samples.

The following questions are proposed:

e Which index tests have the potential to quantify AC
inflammation in uveitis?
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e What is the level of correlation between the
index test and clinical grading?

e What is the level of correlation between the
index test and aqueous protein concentration?

e What is the level of repeatability of each test?

What is the level of correlation between clinical

grading using the slit lamp and aqueous protein

concentration?

Methods

Protocol

This protocol has been designed in accordance with the
guidelines of Preferred Reporting Items for Systematic
Review and Meta-Analysis Protocol (PRISMA-P) [22].
The systematic review will be reported in accordance to
the PRISMA guidelines [23].

Systematic review registration
This systematic review has been registered on PROS-
PERO (CRD42017084167) [24].

Searches

Databases

Our search strategy will include the following areas of
interest: anatomical location (‘anterior chamber’), the
pathological finding (‘flare’) and the disease context
(‘uveitis’). To achieve optimal sensitivity, no search
terms will be applied for the ‘technologies/tests’. For
bibliographic databases, free text and index terms will
be combined for each search element where possible.
A sample search strategy for MEDLINE is included in
the Appendix 1. We will search:

Bibliographic databases of published studies.

e MEDLINE (Ovid), 1946 to present

e Embase (Ovid), 1947 to present

e Cochrane Central Register of Controlled Trials
(CENTRAL), database inception to present

o Centre for Reviews and Dissemination database
(Health Technology Assessments and the
Database of Abstracts and Reviews of Effects),
database inception to present

Registers of clinical trials

o Clinicaltrials.gov. www.clinicaltrials.gov

e WHO International Clinical Trials Registry
Platform (ICTRP portal). www.who.int/ictrp.

Abstract and conference proceedings

e British Library’s ZETOC.

e Conference proceedings Citation Index (Web of
Science).

Dissertations, theses

British library Ethos

ProQuest. www.proquest.com

Grey literature
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e OpenGrey. www.opengrey.eu

No restrictions will be placed on year or language of
publication. The literature search results will be entered
onto EndNote (Clarivate Analytics, Philadelphia, PA) to
facilitate removal of duplicates, study selection, record-
ing decisions and references. References to other works
will be considered for inclusion.

Selection criteria

Participants/population

Those with evidence of anterior chamber flare and/or
a diagnosis of uveitis, irrespective of active or inactive
inflammation, will be included. There will be no re-
strictions on age, gender, ethnicity, or underlying aeti-
ology or anatomical subtype. Studies with only
healthy participants and studies on animals will not
be included.

Index test

Any study reporting one or more non-invasive,
instrument-based technology with the potential for
quantifying AC flare or aqueous protein measurements
will be included. To address the secondary outcome
(clinical grading versus laboratory measurements of
aqueous proteins), any clinical grading system can be
considered the index test.

Reference test

The reference test should be either the current clinical
standard—clinician-based AC flare grading, or the la-
boratory standard—measurements of aqueous protein
from aqueous paracentesis.

For the clinical grading versus laboratory analysis, the
reference test must be a laboratory-based technique for
measuring aqueous protein concentration of extracted
aqueous samples.

Primary outcomes

The level of correlation (correlation coefficient) of
index test measurements with clinical grading using
slit lamp examination and/or actual aqueous protein
concentration.

Secondary outcome

Intra/inter-observer reliability and repeatability of an
index test (kappa statistic) and the level of correlation
between clinical grading and actual protein concentra-
tion (clinical grading as the index test and protein
concentration as the reference test).

Type of study
There will be no restrictions on study design; how-
ever, evaluation of correlation between index test
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and clinical grading using slit-lamp examination/
aqueous protein measurements require both tests to
be done in a cross-sectional manner. If multiple
time points are included, we will include results
from all time points, but comparisons between tests
will be cross-sectionally. Only those studies where
measurements are taken within a reasonable time
point (within 24 h of each other) will be included.
Case reports involving only one subject, commen-
taries, opinion articles and pictorial articles will not
be included.

Selection process
Titles and abstracts of studies will be screened for rele-
vance to the review, to remove obviously irrelevant stud-
ies Two independent reviewers will carry out study
selection and reach consensus by discussion or referral
to a third reviewer.

Full text of potentially relevant articles will be re-
trieved and assessed for inclusion in the review against
the full selection criteria.

Data extraction

A standardised data extraction form in Microsoft Excel
(Microsoft, Washington, US) will be used to extract data
from included studies. The extraction process will be
carried out by two independent reviewers with referral
to a third reviewer if necessary. Information extracted
from all studies will include:

e Study characteristics

o Title, authors, publication year, journal and
language

e Sample size

e Study design

o Index test used
1. Manufacturer and model (including

resolution, default settings)

2. Measurements acquisition protocol
3. Measurement analysis protocol

o Clinical grading system measurements
1. Clinical grading system used and whether any

modifications were made

2. Number of observers

e Aqueous protein concentration
1. Context and reason for aqueous extraction
2. Aqueous extraction protocol
3. Aqueous analysis protocol

e DPatients’ characteristics

o Age, gender and ethnicity

e Underlying aetiologies (anatomical subtype,
aetiological classification)

e Active or inactive disease
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e If the study involves a therapeutic intervention:
treatment details (indication, drug, dosage, route,
subject pre/post treatment status, length of
follow-up and number of time points suitable for
review question)

e Outcomes and findings

e Data will be extracted in preparation for four
separate analyses:

1. Evaluation of correlation between index tests
and actual aqueous protein concentration:
The correlation coefficient will be directly
extracted.

2. Evaluation of correlation between index
tests and clinical grading systems: The
correlation coefficient reported will be
directly extracted.

3. Evaluation of correlation between the clinical
grading system and aqueous protein
concentration: The correlation coefficient will
be directly extracted.

If no correlation coefficient is reported, Index

and reference test measurements will be

extracted and, provided they are matched, used
to calculate the correlation coefficient. If the
two measurements are not matched, we will
contact the authors for matched
measurements.

4. Evaluation of reliability and repeatability of an
index test: Studies reporting intra- and inter-
observer reliability will be analysed separately
for assessment of repeatability. The reported
kappa values will be extracted for intra-
observer reliability, inter-observer reliability
or both.

Cross-sectional measurements may be nested within
longitudinal studies whose aims are not primarily to
compare performance or correlation between two tests.
In this situation, measurements at each time point will
be extracted and analysed as individual cross-sectional
comparisons.

Quality assessment

All included studies will be assessed for quality
using elements of the Quality Assessment of Diag-
nostic Accuracy Studies tool (QUADAS2) [25]. Al-
though QUADAS2 is designed for comparison of
diagnostic accuracy, rather than agreement of test
measurements, it is the most suitable existing tool
for evaluating risk of bias in diagnostic tests. We
have modified elements of the existing QUADAS2
signalling questions to suit the aims of this system-
atic review (see Appendix 2). For example, the ori-
ginal QUADAS2 framework includes a question
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regarding whether thresholds were used and pre-
specified. We have removed this item as we are not
aiming to assess diagnostic accuracy. Similarly, we
have supported the QUADAS?2 with additional items
such as the addition of the question ‘were index test
acquisition and analysis parameters determined a
priori and consistent for all study participants?
Existing questions regarding blinding during test in-
terpretation, applicability to the review question,
and flow and timing of tests are kept as they remain
important for this review.

Assessment will be carried out at the study level
Two independent reviewers will carry out quality as-
sessment and refer to a third reviewer if needed. For
studies assessing correlation between two tests, the
four risks of bias domains below will be rated as low,
high or unclear.

For studies investigating the reliability of a single index
test, additional considerations will be made for:

1. Intra-observer reliability studies: the conditions
under which the index test was performed should
be reported and standardised.

2. Inter-observer reliability studies: any differences
between observer characteristics, such as seniority
and experience, should be reported.

Data synthesis
Studies will be included in four groups for data syn-
thesis, one for each outcome: correlation between
index test and the clinical grading, correlation be-
tween index test and aqueous protein concentration,
correlation between the SUN grading system and la-
boratory measurement of aqueous protein concentra-
tion, and reliability of index test.

For each outcome, a narrative synthesis of tabulated
evidence will be conducted and, where possible, sup-
ported with a meta-analysis.

1. Evaluation of correlation between index test and the
SUN grading system
These studies will be grouped by the type of
technology used for the index test (i.e. LFP, OCT).
If the data permits, correlation coefficients between
each index test versus clinical grade will be
compared and pooled for meta-analysis using a ran-
dom effects model.

2. Evaluation of correlation between index test and
laboratory measurement of aqueous protein
concentration

3. Evaluation of correlation between the SUN grading
system and laboratory measurement of aqueous
protein concentration

4. Evaluation of reliability of an index test
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These studies will be grouped by type of technology
as above. We will analyse intra- and inter-observer
reliability separately for each technology. If the data
permits, reliability values (such as kappa values) will
be compared and pooled for meta-analysis.

Studies will be assessed for clinical and methodo-
logical homogeneity to determine whether it is pos-
sible appropriately pool data for meta-analysis. The
I? statistic will be used to quantify heterogeneity
across studies in each meta-analysis. Correlation co-
efficients will be normalised using Fisher’s Z trans-
formation for meta-analysis and back transformed
for inference. Meta-analysis of kappa statistics will
be performed using an inverse-variance weighted
random effects model with standard errors esti-
mated from reported 95% confidence intervals. All
data will be reported narratively, regardless of
whether data pooling and meta-analysis are possible
or not.

Depending on the study data, appropriate sensitivity
analyses will be carried out if there is significant het-
erogeneity between studies. Subgroup analyses for
anatomical and aetiological subtypes of uveitis, index
test technology and experience of graders (for clinical
AC flare grading) will be considered to explore
sources of heterogeneity. It is expected that only a
small number of studies will meet inclusion criteria,
which will limit our capacity to carry out meaningful
subgroup analyses.

Discussion and potential impact

The assessment of inflammation in anterior uveitis cur-
rently relies on imperfect clinical methods. An increase
in aqueous protein concentration is a detectable change
which occurs in the presence of inflammatory break-
down of the blood ocular barrier. Laboratory measure-
ment of aqueous protein concentration in aqueous
samples obtained through paracentesis is a good gold
standard test but carries too many risks to make it prac-
tical for monitoring patients. Thus, clinicians must re-
sort to surrogate markers for aqueous protein levels
such as ‘flare’.

Whilst the SUN grading system marked a significant
effort towards unifying the method for assessing uveitic
inflammation, it continues to rely on clinical examin-
ation and the subjective appearance of aqueous ‘clarity’.
Many factors can also affect an observer’s ability to ob-
serve flare including the slit-lamp optics, degree of illu-
mination, ambient conditions and the observer’s level of
expertise [26].

The potential for instrument-based techniques for
assessing AC inflammation carries significant ad-
vantages over clinical grading systems because they
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are objective, less operator dependent and produce
a continuous numerical value that is precise at even
low levels of inflammation. Objective measures of
inflammation for monitoring AC cells and vitreous
haze have been proposed, and OCT measurement
of central macular thickness is already established
in routine clinical practice [19, 21, 27, 28]. With
the use of automated analysis software, these tech-
niques could allow comprehensive objective disease
monitoring, potentially even in a virtual care
model.

To date, the use of non-invasive instrument-based
techniques for assessing AC flare has not been assessed
in a systematic way. The need for more objective mea-
sures of disease activity is well-recognised within the
uveitis community, and given the rise in new imaging
technologies over recent years which have the potential
to meet this demand, it is timely to carry out a review of
how they compare to the current standard. This system-
atic review will identify all technologies available for
quantifying ‘flare’ and their level of reliability and correl-
ation with laboratory measurement of aqueous protein
concentration and/or clinical grading. The findings of
this review could contribute to the validation process of
instrument-based methods for monitoring inflammatory
activity and guiding treatment decisions in uveitis.

Appendix 1

Table 2 MEDLINE search strategy

Number Search

1 Anterior Chamber. Ti,ab.
2 Aqueous. Ti,ab.

3 Anterior segment. Ti,ab.
4 lTor2or3

5 Flare*. Ti,ab,

6 Photon. Ti,ab.

7 Photons. Ti,ab.

8 Protein. Ti,ab.

9 Proteins. Ti,ab.

10 Photometry. Ti,ab.

11 Fluorophotometry. Ti,ab.
12 Tyndal* Ti,ab.

13 S5or6or7or8or9ori0orilori2
14 Exp Uveitis/

15 Uveiti*. Ti,ab.

16 Inflamm?¥. Ti,ab.

17 Blood aqueous barrier. Ti,ab.
18 14or15o0r16o0or17

19 4and 13 and 18
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Appendix 2
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Table 3 Modified elements of the QUADAS?2 signalling questions used for quality assessment

Domain Patient selection Index test* Reference standard Flow and timing
Description Describe methods of patient Describe the index test Describe the reference Describe any patients who did not
selection: Describe included patients — and how it was conducted standard and how it was receive the index test(s) and/or
(prior testing, presentation, intended  and interpreted: conducted and interpreted:  reference standard or who were
use of index test and setting): excluded from the 2x2 table
(refer to flow diagram): Describe
the time interval and any
interventions between index
test(s) and reference standard:
Signalling Was a consecutive or random Were the index test results Is the reference standard Was there an appropriate interval
questions sample of patients enrolled? interpreted without likely to correctly classify between index test(s) and

(yes/no/unclear)

knowledge of the results

the target condition? reference standard?

of the reference standard?

Was a case-control design avoided?

Did the study avoid inappropriate
exclusions?

i.e. Participants may be excluded if
Jjustified in terms of interference
with index test measurement
(corneal opacities preventing
visualisation of anterior structures).

participants?

Risk of bias: Could the selection of patients Could the conduct or
High/low/ have introduced bias? interpretation of the index
unclear test have introduced bias?
Concerns Are there concerns that the Are there concerns that
regarding included patients do not the index test, its conduct,
applicability: match the review question? or interpretation differ
High/low/ from the review question?
unclear

Were index test acquisition
and analysis parameters
determined a priori and
consistent for all study

Were the reference standard
results interpreted without
knowledge of the results of
the index test?

Did all patients receive a reference
standard?

Did all patients receive the same
reference standard?

ie. Was the reference test
conducted in the same way

for each patient?

For slit lamp examination: observer,
slit lamp settings

For laboratory protein measurements:
method of aqueous extraction,
sample storage and analysis.

Were all patients included in the
analysis?

Could the reference standard,
its conduct, or its
interpretation have
introduced bias?

Could the patient flow have
introduced bias?

Are there concerns that the
target condition as defined
by the reference standard
does not match the review
question?

Italics denote signalling questions added by the authors for this systematic review.

*In index test, the signalling question regarding whether thresholds were used and pre-specified is not applicable for this review and was therefore removed
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ABSTRACT

Purpose: Anterior chamber (AC) flare is a key sign for anterior uveitis. New instrument-based techniques
for measuring AC flare can offer automation and objectivity. This review aims to identify objective
instrument-based measures for AC flare.

Methods: In this systematic review, we identified studies reporting correlation between instrument-
based tests versus clinician AC flare grading, and/or aqueous protein concentration, as well as test
reliability.

Results:yFour index tests were identified in 11 studies: laser-flare photometry (LFP), optical coherence
tomography, ocular flare analysis meter (OFAM) and the double-pass technique. The correlation
between LFP and clinician grading was 0.40-0.93 and 0.87-0.94 for LFP and protein concentration.
The double-pass technique showed no correlation with clinician grading and insufficient information
was available for OFAM.

Conclusion: LFP shows moderate to strong correlation with clinician grading and aqueous protein
concentration. LFP could be a superior reference test compared to clinician AC flare grading for
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validating new index tests.

Anterior uveitis describes inflammatory-mediated breakdown
of the blood-aqueous barrier with resultant leakage of blood
constituents into the aqueous humor. Clinically this is char-
acterized by anterior chamber (AC) cells and flare. AC flare
is an important clinical marker of inflammation and has
been shown to be the predominant sign in syndromes such
as childhood chronic anterior uveitis."”> To measure the true
extent of blood-aqueous barrier breakdown requires sam-
pling of the aqueous humor through paracentesis using
a needle inserted into the AC, and measurement of the
protein concentration in that sample. Whilst this invasive
test provides the most accurate quantification of aqueous
constituents, it is not feasible for repeated measurement in
the context of disease monitoring. The more common
approach is to observe this change using slit-lamp biomicro-
scopy, as ‘flare’, an appearance of haziness of the aqueous
humor. Flare can be graded using semi-quantitative scales, of
which the Standardization of Uveitis Nomenclature (SUN)
grading system is most commonly used.> The SUN system
measures flare according to the observer’s ability to visualize
details of the iris and lens behind the aqueous. Grades range
from 0, which corresponds to no visible flare, to +4, which

corresponds to intense flare (Table 1). Although this method
is subjective, quantifying aqueous inflammation this way is
widely accepted as a clinical standard and is used to inform
treatment decisions.*” It is recognized that non-invasive and
objective methods for measuring aqueous inflammatory
change would significantly improve clinical assessment of
anterior uveitis.

Instrument-based techniques, such as laser flare photo-
metry (LFP) have been available for the last 20 years but
have not been widely adopted. This is despite the evi-
dence supporting the validity and clinical utility of
LFP.°® More recently, newer imaging techniques such
as anterior segment optical coherence tomography (AS-
OCT) have also demonstrated the potential to quantify
AC flare."® Given the need for an objective non-invasive
method for assessing aqueous inflammation, a systematic
examination of the evidence for such technologies is
timely.'" This review aims to identify all instrument-
based tools for measuring aqueous humor inflammation
in uveitis and to evaluate their correlation with laboratory
measurements of aqueous protein concentration and/or
slit-lamp-based clinician grading systems.
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Table 1. The Standardization of Uveitis Nomenclature (SUN) working group
grading scheme for anterior chamber flare.?

Grade Flare Description

0 None No alteration to iris and lens visualization

1+ Faint Barely detectable

2+ Moderate Iris and lens details clear despite discernible haze
3+ Marked Iris and lens details hazy

4+ Intense Fixed coagulated aqueous with considerable fibrin

Standardization of uveitis nomenclature for reporting clinical data. Results of the
First International Workshop.?

Methods

This review is reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
statement.'” The methodology was specified in advance iregis-
tered with PROSPERO (CRD42017084167).">'* The primary
aim of this review was to evaluate all non-invasive, instrument-
based methods for measuring aqueous humor inflammation
and their level of correlation with, 1) the gold standard refer-
ence test: analysis of protein concentration in aqueous samples,
and/or 2) the clinical reference test: slit-lamp-based AC flare
grading performed by a clinician. We accepted both as refer-
ence tests in recognition that aqueous paracentesis is rarely
performed, and clinician grading is widely used as the basis
for final clinical decision-making in practice. A secondary aim
was to identify studies which also reported the reliability of
index tests and compare the reliability of different tests.

Search strategy

We combined free text terms and index terms reflecting the
pathological finding of interest, ‘flare’ or ‘proteins’ and ‘ante-
rior chamber’ or ‘aqueous humor’, and the disease context
‘uveitis’ or ‘inflammation’ (search strategy available in
Supplementary Materials). Database searches were carried
out in MEDLINE, Embase, Cochrane Controlled Register of
Trials (CENTRAL), Center for Reviews and Dissemination
Database (Health Technology Assessments and the Database
of Abstracts and Reviews of Effects), Clinicaltrials.gov, WHO
International Clinical Trials Registry Platform (ICTRP portal),
British Library’s ZETOC, Conference Proceedings Citation
Index (Web of Science), British Library Ethos, ProQuest and
OpenGrey. We searched all databases from inception to
07 August 2019, with no date or language restrictions. We
manually searched citations of review articles and included
studies to identify additional relevant articles.

Study selection

Two reviewers independently assessed study eligibility, and
disagreements were resolved through consensus, or referral to
a third reviewer if needed. Studies were eligible if they
described one or more instrument-based methods for measur-
ing aqueous humor protein levels (index test) and compared
its measurements to actual aqueous protein concentration
and/or clinician grading (reference tests). We also included
studies which additionally reported test reliability. The pri-
mary outcome of interest was the level of correlation between
index tests and either of the two reference tests. The

secondary outcome was intra/inter-observer reliability of the
index test. We did not exclude studies based on subject age,
gender, ethnicity, underlying etiology or disease activity sta-
tus. Animal studies and studies involving only healthy parti-
cipants, single case reports, commentaries, and opinion
articles were excluded.

Data extraction

Two reviewers independently extracted data using a pre-
specified data extraction sheet. Two texts were translated
from Chinese into English. We contacted two authors for
further information and both responded.">'® If only indivi-
dual patient data were reported, we used this information to
calculate the correlation coefficient.

Risk of bias assessment

Two reviewers independently assessed the risk of bias, in studies
comparing correlation between two tests, using a modified ver-
sion of the Quality Assessment of Diagnostic Accuracy Studies
tool (QUADAS-2)."” We pre-specified adaptations to the origi-
nal QUADAS-2 signaling questions to address the review ques-
tion. For example, one signaling question was added in the index
test section on whether index test protocols were determined
a priori and standardized for all participants.

Data analysis

For each outcome, studies were grouped by the reference test
against which comparisons were made: aqueous protein con-
centration or clinician grading. For each index test, we tabulated
the extracted information and provided a narrative synthesis of
methodological characteristics and index tests evaluated. Where
confidence intervals for correlation coefficients were not
reported, we estimated them using sample size and correlation
coefficient and presented this on a forest plot. All statistical
analyses were performed using Stata Statistical Software
(Release 15. College Station, TX: StataCorp LP.)

Results
Results of the search

The study selection process is summarized in the PRISMA
flow diagram (Figure 1). The search yielded 3741 unique
bibliographic records after the removal of duplicates. Of
these, 3631 were excluded based on screening of titles and
abstracts. The large number of excluded articles is owing to
the unrestrictive nature of our search strategy, which was
deliberately designed to not include any index test terms, to
ensure full capture of all relevant studies. The remaining 110
articles were obtained in full text for further scrutiny and
a further 99 articles were excluded. The reasons for exclusion
were due to not matching the criteria for outcome (n = 52),
population (n = 24), study design (n = 19) and for the lack of
an appropriate reference test (n = 4). Eleven unique studies
met the eligibility criteria and were included (Tables 2-5). g7
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Figure 1. PRISMA flow diagram.

Participants’ characteristics and study design features

The 11 studies included a total of 876 participants (at least 1016
eyes; one study did not report the number of eyes'®), and dated
from 1989 to 2017.'*'*%” Study characteristics are summarized
in Tables 2-5. One study used retrospectively collected routine
clinical care data®, whilst all other studies collected data pro-
spectively. Gender was reported in 8 of the 11 studies, 44% of
participants (n = 360) were male. Age was reported in 8 of the 11
studies'>'®?°7*%>"%’ ranging from 12 to 86 years. Three studies
included mixed etiologies, including sarcoidosis, Behcet’s dis-
ease, Vogt-Koyanagi-Harada disease, acute retinal necrosis,
lyme disease, progressive outer retinal necrosis, retinal vasculitis,
herpes zoster ophthalmicus, and Fuch’s heterochromic cyclitis
(FHC).'®'2* Five studies did not report specific uveitis entities
and instead reported anatomical classification or disease activity
(active, inactive and healthy controls).'*****"*” Two studies did

not report any etiological classifications.””** One study included
only eyes with FHC.*

Methodological quality of the included studies

A summary of the risk of bias assessment for the included
studies is presented in Supplementary Figure 1. Eight out of
eleven studies did not report how subjects were recruited
into the study'”**»***” and had an unclear risk of bias
regarding participant selection. Given the known limita-
tions of the clinician grading system, all studies which
utilized clinician grading as the reference test (n = 8)
were marked as unclear due to concerns around disease
misclassification. It was unclear in five studies'’***
whether the index test was interpreted without knowledge
of the reference tests and vice versa. One study was
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Table 2. Study characteristics.

Data No. of  No. of
Author Index test  collection  subjects  eyes Gender (%) Age, years Etiological classification, no. of eyes (%)
Ohara et al.’® LFP Prospective 124 NR 44 (35%) male NR (range Sarcoidosis 53 (43%), Behcet's disease 14 (11%), VKH 6
80 (65%) female 12-76) (5%), ARN 3 (2%), Other 14 (11%), Unknown 34 (27%)
Chiou et al.” LFP Prospective 17 17 NR NR ARN 5 (29%), Lyme disease 4 (23%), Progressive outer
retinal necrosis 2 (12%), Anterior uveitis 1 (6%),
Panuveitis 1 (6%), Retinal vasculitis 1 (6%), HZO 1 (6%),
FHC 1 (6%), Behcet’s disease 1 (6%)
Shah et al.2* LFP Prospective 22 22 NR Mean age: FHC 5 (22.5%), Non-uveitic eyes undergoing routine
Normal 71 (SD  cataract surgery 12 (55%), Chronic uveitis undergoing
10) cataract/glaucoma surgery 5 (22.5%)
FHC 53 (SD 7)
Uveitis 68 (SD 6)
Yang et al.26 LFP Prospective 162 Uveitis 57 (52%) male Mean 35 Anterior uveal inflammation 110 (68%), healthy
(194) 53 (48%) female (range 3-66) controls 52 (32%)
Healthy
eyes
(52)
Fang et al?° LFP Retrospective 40 47 5 (38%) male Mean 34 FHC 47 (100%)
5 (62%) female (SD 10)
Zhou et al.”’ LFP Prospective 129 171 8 (53%) male Mean 42 Anterior uveitis 87 (51%), Intermediate uveitis 20
1 (47%) female (range 14-66) (12%), Posterior uveitis 64 (37%)
Konstantopoulou LFP Prospective 75 110 3 (31%) male Median 42 NR
et al.?! 2 (69%) female  (IQR 31-54)
Shoughy et al.*®  LFP Prospective 20 20 13 (65%) male Mean 52 Anterior non-granulomatous uveitis 5 (25%), VKH 4
7 (35%) female (range 17-86) (20%), FHC 1 (5%), Non-uveitis 10 (50%)
Invernizzi et al."®  LFP Prospective 122 237 102 (43%) male Mean age: Healthy control 70 (30%), inactive uveitis 97 (40%),
ocT 135 (57%) female  Control 42 (SD  active uveitis 70 (30%)
14)
Inactive uveitis
43 (SD 19)
Active uveitis 45
(SD 22)
Lam et al.?? OFAM Prospective 121 90 38 (42%) male Mean age: NR
2 (58%) female  Active uveitis 44
No uveitis 46
Nanavaty et al. 2 Double- Prospective 44 56 NR NR Anterior uveitis 24 (43%)
pass Intermediate uveitis 9 (16%)
technique Posterior uveitis 10 (18%)

Panuveitis 13 (23%)

NR: not reported, OFAM: ocular flare analysis meter, OCT: optical coherence tomography, LFP: laser flare photometry, FHC: Fuch'’s heterochromic cyclitis. ARN: acute
retinal necrosis, VKH: Vogt-Koyanagi-Harada disease, JIA: juvenile idiopathic arthritis, CMV: cytomegalovirus, HZO: herpes zoster ophthalmicus.

identified as having a high risk of bias for patient flow as
readings were unsuccessful in 31 of the 121 included
subjects.”* Another study had high applicability concerns
as the entire patient cohort was eyes with FHC.*

Clinical reference test: slit-lamp-based clinician grading

: . 10,18,20-23,25-27 .
Nine out of 11 studies compared an index test

with AC flare grading based on clinician slit-lamp examina-
tion. Six studies'®***>** used the SUN grading system and
three studies'®***” did not specify a standardized grading
system. Six studies reported the number of eyes at each AC
flare grade.'®*"*»** Three of these studies included
patients in all four grades of severity, two studies had eyes
with each grade except grade 4, and one study included eyes
with grades 0.5 and grade 1 of AC flare only. Three studies
did not report the number of patients in each grade of AC
flare 182223

Laboratory reference test: aqueous protein concentration

Three out of 11 studies compared an index test with aqueous
protein concentration.'”*** Two studies**** used paracentesis
samples taken from individuals with uveitis prior to routine
cataract surgery, one study'® used diagnostic paracentesis samples
for eyes with uveitis. Two studies'”** included IgG and albumin
concentrations, one of which also measured total protein, and the
other study® did not specify which proteins were measured.

Instruments for measuring AC cells

Four different classes of index tests that fit the description of non-
invasive imaging techniques were identified. The majority of stu-
dies evaluated the use of LFP (9 studies). LFP devices included
various models produced by KOWA, including the FC-1000, FC-
2000, FC-500 and the only two models which are currently com-
mercially available, the FM-600 and FM-700. Most studies
reported taking between 3 and 7 repeated measurements at each
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Manufacturer and

Author Index test model Image acquisition settings Area/volume Image analysis software
Ohara et al."® LFP Kowa FC-1000 An average of 5 readings taken Per 0.075mm> Built in software only
through dilated pupil
Chiou et al." LFP Kowa FC-1000 NR Per 0.075mm> Built in software only
Shah et al.** LFP Kowa FC-1000 5 averaged measurements 0.3 x 0.5 mm Built in software only
Measurements where BG reading
>15% was discarded,
Yang et al.®® LFP Kowa FC-2000 5 averaged measurements taken per 0.3 x 0.5 mm Built in software only
eye
Fang et al.?° LFP Kowa FC-2000 An average of 3 measurements. 0.3 x 0.5 mm Built in software only
Measurements with artifacts are
discarded.
Zhou et al.”’ LFP Kowa FM-600 7 consecutive measurements taken, 0.3 x 0.5 mm Built in software only
highest and lowest values discarded,
and remaining measurements
averaged.
Konstantopoulou LFP Kowa FC-500 7 measurements are acquired. The  NR Built in software only
et al.?! highest and lowest values are
discarded, and remaining
measurements averaged.
Shoughy et al.®  LFP Laser flare photometry ~ NR NR NR
(model NR)
Invernizzi et al.’® LFP Kowa FM-700 7 averaged consecutive 0.3 x 0.5 mm Built in software only
measurements
ocT Casia SS-1000 OCT Two 6mm line scans, each consisting 200 x 200 Custom software. A ratio of brightness value
device (Tomey of 2048 A scans. pixel area between aqueous and air anterior to the
Corporation, Nagoya, cornea is derived to produce an aqueous-to-
Japan) air relative intensity.
Lam et al.?? OFAM Custom OFAM device  Single measurement on an undilated NR Custom software
eye
Nanavaty et al. > Double-  The Optical Quality 3 averaged measurements taken NR Built in software only
pass Analysis System (OQAS from dilated pupils.
technique II; Visionmetrics,

Terrassa, Spain)

NR: not reported, OFAM: ocular flare analysis meter, OCT: optical coherence tomography, LFP: laser flare photometry.

observation and taking the averaged value, as is the usual proce-
dure according to LFP instructions. The sampling volume was
reported as 0.075 mm” for the FC-1000 (mean anterior chamber
volume being approximately 145 mm?)*® and sampling area was
reported to be 0.3 mm by 0.5 mm for the FC-2000, FC-600 and
FC-700. All measurements were derived using the built-in soft-
ware of the LFP. One study evaluated a swept-source OCT device
(Casia SS-1000, Tomey Corporation, Japan), taking two 6 mm
cross-sectional scans in the anterior chamber. The AS-OCT
images were then used to derive an image brightness ratio between
the aqueous and air anterior to the cornea, using custom software,
producing an ‘aqueous-to-air’ relative intensity (ARI)."® One study
used a custom-built ocular flare analysis meter (OFAM)** and one
study used an optical quality analysis system (OQAS II,
Visionmetrics, Terrassa, Spain) based on the double-pass techni-
que, a technique measuring the amount of ocular scatter caused by
the presence of flare.”

Index test reliability

Only two studies reported index test reliability. Invernizzi et al.
reported an intraclass correlation of 0.78 for the OCT-derived
ARI index measurement, and Shah et al. reported a coefficient of
variation of 7.3% for the Kowa FC-1000 LFP. Nanavaty et al.

performed a reproducibility study, however, these were on
healthy pseudophakic eyes, rather than uveitis eyes.

Correlation between index tests and the clinical reference
test: slit-lamp-based clinician grading

Six studies reported correlation between an index test and clin-
ician grading of AC flare (five studies using the LFP and one
study using the optical quality analysis system).'®*%*>*°72” The
total number of eyes included in these six studies was 478.
Various statistical methods including Kendall’s, Spearman’s
and Pearson’s correlation coefficients were used. The level of
correlation between the LFP and clinician grading ranged from
0.40 to 0.93. The one study using the optical quality analysis
system reported a Pearson’s r2 of 0.0048.>> Although the OFAM
and OCT devices were compared against SUN grading, no
correlation coefficient was reported.

Correlation between index tests versus the laboratory
reference test: aqueous protein concentration

Three studies reported correlation between an index test
and aqueous protein concentration, all of which used LFP
as the index test.'”»** Shah et al. and Shoughy et al.
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Table 4. Index test versus reference tests.

No. of eyes
Clinical included in Correlation
grading  Manufacturer No. of eyes in each correlation Statistical Coefficient
Author Index test  system and model Observers clinical grade analysis test (95% CI)
Ohara et al.’® LFP NR Kowa FC-1000  One observer for all clinical NR 127° Spearman r 0.76
assessments
Yang et al.®® LFP NR  Kowa FC-2000 NR Grade 0, 74; Grade 1, 194 Spearman r 0.75
98; Grade 2 18; Grade 3,
2; Grade 4, 2
Fang et al.?° LFP SUN  Kowa FC-2000  One observer for all clinical  Only grade 0.5 and 47 Kendall r 0.40
assessments grade 1 eyes were
included
Zhou et al.”’ LFP NR Kowa FM-600 NR Anterior uveitis 87 (anterior ~ Pearson r  0.86 (anterior)
Grade 1, 48; Grade 2, uveitis) 0.87
35; Grade 3, 2; Grade 20 (intermediate
4,2 (intermediate group)
Intermediate uveitis uveitis)
Grade 1, 10; Grade 2,
10
Konstantopoulou LFP SUN Kowa FC-500 Two observers Grade 0, 5; Grade 1, 74; 110 NR NR
et al.”! independently performed Grade 2, 29; Grade 3, 2;
clinical grading Grade 4,0
Shoughy et al.®  LFP SUN Laser flare Two observers Grade 0, 5; Grade 1, 3; 10 Spearman r 0.93
photometry independently performed Grade 2, 1; Grade 3, 1;
(model NR) clinical grading Grade 4, 0
Invernizzi et al.'® OCT SUN  Casia SS-1000  NR Grade 0, 32; Grade 1, 70 NR NR
OCT device 21; Grade 2, 15;
Grade 3, 2
LFP SUN Kowa FM700 NR Grade 0, 32; Grade 1, 70 NR nr
21; Grade 2, 15;
Grade 3, 2
Lam et al.”? OFAM SUN  Custom OFAM  One observer for all clinical NR NR NR NR
device assessments
Nanavaty et al. 2 Double- SUN  The Optical Two independent observers  NR 56 Pearson r 0.0048
pass Quality Analysis for clinical assessment
technique System Double-pass technique by

a technician who was blinded
to clinical assessment

NR: not reported, OFAM: ocular flare analysis meter, OCT: optical coherence tomography, LFP: laser flare photometry, ARI: aqueous-to-air relative intensity [ARI] index,

CC: correlation coefficient.
“Including repeat visits of same eye.

Table 5. Index test versus aqueous protein concentration.

Correlation
Protein concentration Proteins No. of eyes included in  Statistical coefficient (95%
Author Index test test measured Protein concentration range correlation analysis test (d)]
Chiou et al." Kowa FC-  Diagnostic paracentesis  1gG NR 17 (I9G) NR 0.87 (I9G)
1000 LFCP Albumin 10 (albumin) 0.94 (albumin)
Shah et al.?* Kowa FC-  Paracentesis before Total protein  Normal IgG 0.3-4 mg/d| 22 Pearson r  0.90 (albumin)
1000 LFCP  routine cataract surgery  Albumin Normal Alb 3.1-14 mg/dI 0.88 (I9G)
I9G Normal Total protein
14-45 mg/dl
FHC I9G <2 - 8 mg/d|
FHC Alb 6-36 mg/dl
FHCs Total protein 14-51 mg/d|
Uveitis IgG 6-50mg/dI
Uveitis Alb 48-290 mg/dI
Uveitis Total protein
62-388 mg/d|
Shoughy et al.>> LFP (Model Paracentesis before NR Normal 10-35.48 mg/dI 10 Pearson r  0.99

NR) routine cataract surgery

Anterior non-granulomatous
uveitis, 10-1490 mg/dI

FHC, 23.95 mg/dI®

VKH, 30-600 mg/dI

NR: not reported, LFP: laser flare photometry, CC: correlation coefficient, FHC: Fuch’s heterochromic cyclitis, VKH: Vogt-Koyanagi—-Harada syndrome.

?One subject only.

included non-uveitic eyes in the correlation analysis,
whereas Chiou et al. included eyes with endogenous uveitis
only. The total number of eyes included across all three
studies was 59. One study’* calculated a Pearson’s r and

another study'® did not report which statistical test was
used. In the last study, individual patient data was reported
so we derived the correlation between the two tests for
uveitic eyes using Pearson’s r.>° The level of correlation
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Study Index Test Comparator Statistical Test Correlation Sample Size
(95% CI) (n, eyes)
Index Test Versus Clinician Grading
Ohara (1989) LFP Unspecified Spearman's r —— 0.76 (0.68, 0.82) 127
Yang (2004) LFP Unspecified Spearman's r —— 0.75(0.68, 0.81) 194
Zhou (2013)
Anterior uveitis LFP Unspecified Pearson's r —_—— 0.86 (0.79, 0.91) 87
Intermediate uveitis LFP Unspecified Pearson's r —— 0.87 (0.70, 0.95) 20
Fang (2009) LFP SUN grading system Kendall's r +- 0.40 (0.13, 0.62) 47
Shoughy (2015) LFP SUN grading system Spearman's r ——0.93 (0.72, 0.98) 10
Index Test Versus Protein Concentration
Shoughy (2015) LFP Unspecified Protein Concentration ~ Pearson's r =& 0.99(0.96, 1.00) 10
Shah (1992)
Albumin LFP Albumin Concentration Pearson's r —— 0.90 (0.77, 0.96) 22
19G LFP 1gG Concentration Pearson's r —— 0.88 (0.73, 0.95) 22

[
0

I |
5 1

Figure 2. Level of correlation between LFP and clinician grading and aqueous protein concentration.

between index test measurements and protein concentra-
tions ranged from 0.87 to 0.99. From the limited data, there
were no apparent associations between the type of protein
and the level of correlation.

The forest plot showing correlation between LFP and the
two reference tests: clinician grading and aqueous protein
concentration is shown in Figure 2. None of the included
studies reported confidence intervals to correlation coeffi-
cients and those shown in the forest plot were estimated
using sample size and correlation coefficient.

Study heterogeneity

There was considerable heterogeneity between the methodol-
ogy and populations across the studies. These characteristics
were wide ranging particularly in regard to the various device
models used, the distribution of disease subtype and severity,
and the statistical tests used to calculate correlation. Given
this level of heterogeneity, any meta-analysis of correlation
coefficients would be inappropriate.

Discussion

This is the first systematic review to evaluate all non-invasive
instrument-based tests for quantifying aqueous humor
inflammation. We found four non-invasive index tests:
OCT, LFP, OFAM, and the double-pass technique (using the
OQAS). Of all the index tests, we found LFP to have the
strongest evidence base, with good correlation with clinician
grading and even better correlation with aqueous sample
protein concentration. However, only a small number of
studies provided sufficient information to support this finding
and incomplete reporting and inconsistent methodology of
included studies meant we were unable to pool estimates of
correlation between index and reference tests.

Our review found a strong correlation between the LFP and
clinician grading of AC flare, as well as aqueous protein concen-
tration, in most studies. There was no apparent relationship
between the device model and level of correlation, and the current
available model (FM-600), validated in one study, was reported to
have good correlation (r = 0.86-0.87) with clinician grading. An
interesting finding was that LFP measurements showed a stronger

correlation with protein concentration (r= 0.87-0.99) than with
clinician grading (r = 0.40-0.93). If aqueous paracentesis was
assumed to be the true gold standard, then this finding would
suggest LEP is a more accurate marker of aqueous protein levels
than clinician grading. Shoughy et al. was the only study which
reported all three methods at the individual eye level, allowing us
to calculate correlation between all three methods. Their measure-
ments showed a higher correlation between aqueous protein
concentration and LFP (r = 0.99) than aqueous protein concen-
tration and clinician grading (r = 0.93); however, this is based on
only 10 eyes (5 of which were grade 0 by SUN grading).

The OFAM is a newer device utilizing the Rayleigh scattering
effect, which the authors suggest to have a higher sensitivity to
smaller molecules than the Tyndall effect used by LFP. Although
the authors report significant differences in OFAM measurement
in eyes with grade 1 and 2, when compared with grade 0, the device
could not differentiate between grades 1 and 2. The double-pass
technique using the OQAS showed poor correlation with AC flare
grading, but the authors reported a significant correlation with AC
cells (r = 0.87) and significantly more ocular scatter in eyes with
anterior uveitis than intermediate and posterior subtypes.

Invernizzi et al. reported the only evaluation of OCT for
quantifying AC flare. Although they did not report
a correlation coefficient between OCT or LFP compared against
clinician grading, they showed that OCT-derived ARI index
significantly increased with each grade of AC flare. Similarly,
LFP readings in their study significantly increased with each
grade of AC flare, with the exception of grade 0 to grade 1.
When comparing the two index tests, LFP and ARI index, they
found a moderate correlation (r = 0.61). OCT has the added
advantage of sampling a larger theoretical volume of AC com-
pared to LFP and is fast and convenient to acquire. Additionally,
the counting of AC cells using anterior segment OCT has been
described by Invernizzi et al. and others and has been shown to
be an automatable process. Therefore, OCT has the added
advantage of offering a comprehensive all-in-one multi-faceted
assessment of AC inflammation.”

Strengths and limitations of the review

This review represents the first systematic evaluation of tech-
nologies for measuring AC flare or aqueous inflammation.
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Previous reviews have summarized the level of validation for
LFP; however, this is the first review to consider all technol-
ogies, including newer imaging modalities such as OCT. Our
search strategy was designed to be highly sensitive and
included a broad range of databases, including conference
proceedings, dissertation databases, and the gray literature.
However, our review also has a number of limitations. We
only included studies reporting correlation between tests or
reliability of tests; therefore, any other methods of test com-
parison (such as those demonstrating a significant difference
in index test measurements across SUN grades) were not
included. This is because our original intention was to choose
a commonly reported metric which would enable comparison
between index tests. Whilst correlation is useful, it is limited
to demonstrating agreement and non-inferiority to the com-
parator. From correlation, it is not possible to determine if the
index test is more accurate than the reference test. This is an
important consideration when the clinician grading system is
the reference test, where the index test may in fact provide
a more accurate measurement.

Limitations of the evidence

First, due to the small number of included studies and hetero-
geneity in study design, it was not possible to provide pooled
estimates of correlation or reliability. Second, authors some-
times reported correlation coefficients estimated from a mixed
cohort of uveitic and healthy eyes. Where the two groups
could be separated, or where individual patient data was
available, we extracted and calculated correlation coefficients
from uveitic eyes only. However, this was not possible in all
studies and non-uveitic eyes were included in the original
analysis as grade 0. Third, in two studies, correlation was
derived from eyes with two clinical grades of AC flare only
(i.e. SUN grade 1 and grade 2 only). In these cases, there is an
applicability concern around whether the study population
adequately represents the target population and the correla-
tion coefficient is also less meaningful.

Clinical relevance and impact

Anterior chamber flare is an important measure in the assess-
ment of uveitic inflammation. This review finds that instru-
ment-based tools such as the LFP can achieve good agreement
with widely accepted clinical and laboratory reference tests
and may be a more accurate marker of true aqueous protein
concentration than clinical grading. Despite being available
for some time, the LFP has not been widely adopted in clinical
care. This may be due to practical reasons, as using the LFP
involves taking up to seven readings with a degree of manual
input, including discarding spurious readings and computing
an average value. Additionally, the LFP is sensitive to ambient
lighting and therefore requires a completely dark room, and
acquisition can be more difficult for eyes with posterior syne-
chiae and a shallow AC. Such practical considerations may
outweigh the added clinical value of such a device. However,
we would argue that in a clinical trial context, accuracy and
reliability should take precedence and the LFP could be
adopted in place of AC flare grading. Unfortunately, despite

its availability for the last 20 years, LFP has not been widely
adopted as the preferred test for quantifying AC flare as an
outcome measure in clinical trials.’”® Other available instru-
ment-based methods for quantifying AC cells, vitreous haze,
retinal vascular leakage and choroidal thickness, such as
through the use of OCT, have also not been adopted in
clinical trials.>"

We would also suggest that for the validation of newer
imaging methods, the LFP may be a more appropriate refer-
ence test in comparison to clinician grading, when aqueous
protein concentration is not available. However, this is based
on findings from a small number of eyes in a single study. We
would suggest that a well-conducted study on a larger cohort
of eyes, comparing AC flare grading using the slit-lamp,
aqueous paracentesis and LFP, would be helpful for confirm-
ing whether LFP can replace clinician grading as the clinical
reference test.

Conclusion

Instrument-based tests have the potential to offer more objec-
tivity to measurements of AC inflammation compared to the
widely used clinician grading using slit-lamp. The validation
of LFP is the most mature for this purpose and has shown
a strong correlation with clinician grading of AC flare and
more importantly with aqueous protein concentrations.
Although LFP may not be widely adopted in clinical practice,
it may have value as a non-invasive reference test with which
to validate emerging technologies for measuring AC flare.
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Appendix

QUADAS-2 Risk of Bias Assessment

Risk of Bias assessment using QUADAS-2

RISK OF BIAS
Study PATIENT REFERENCE FLOW AND
SELECTION INDEX TEST STANDARD TIMING
Chiou, 1998 ? ? ? ?
Ohara, 1989 © © © ©
Shah, 1992 ? © © ®)
Yang, 2004 ? © © ©
Fang, 2009 ? © ? ?
Nanavaty, 2011 @ @ @ @
Zhou, 2013 ? ? © ©
Lam, 2015 ? ? ? ®
shoughy, 2015 ? ? ? ?
Konstantopolou, 2015 ? © ? ©
Invernizzi, 2017 @ ? @ @

@Low Risk @High Risk ? Unclear Risk

MEDLINE Sample Search Strategy

1 Anterior chamber ti,ab.

2 aqueous.ti,ab.

3 Anterior segment.ti,ab.

4 1or2or3

5 Flare*.ti,ab.

6 photon.ti,ab.

7 photons.ti,ab.

8 protein.ti,ab.

9 proteins.ti,ab.

10 photometry.ti,ab.

11 fluorophotometry.ti,ab.

12 S5or6or7or8or9or10or11
13 Exp Uveitis/

14 Uveiti*.ti,ab.

15 Inflamm™.ti,ab.

16 Blood aqueous barrier.ti,ab.
17 13 or14 or 150r 16

18 4 and 12 and 17

PATIENT

APPLICABILITY CONCERNS

SELECTION INDEX TEST sz\fﬁf:f;
© © ©
© © R
© © ©
© © ?
® ®) ?
© © B

? © b
© © [
© © ©
© © [4
© © ?

96



Chapter 4: Instrument-based tests for measuring

vitreous inflammation in uveitis

This chapter explores potential instrument-based technologies for measuring vitreous haze. It
consists of a published protocol and systematic review which aimed to identify instruments used
to measure vitreous inflammation in uveitis. This is the last systematic review in a series of three
identifying potential technologies for measuring the key inflammatory variables, currently
quantified using the SUN grading system. This review evaluates the level of correlation between
the instrument’s measurements and clinician assessment (through the use of grading systems
such as the SUN grading system). As with the other reviews in this series, the instrument’s

reliability is also assessed.
The protocol for the systematic review was registered on PROSPERO (CRD42017084168).
The report for the systematic review is published at: Liu, et al. (2020). Noninvasive Instrument-

based Tests for Detecting and Measuring Vitreous Inflammation in Uveitis: A Systematic

Review. Ocular Immunology and Inflammation, 1-12.
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ABSTRACT

Purpose: This systematic review aims to identify instrument-based tests for quantifying vitreous inflam-
mation in uveitis, report the test reliability and the level of correlation with clinician grading.

Methods: Studies describing instrument-based tests for detecting vitreous inflammation were identified
by searching bibliographic databases and trials registers. Test reliability measures and level of correlation

with clinician vitreous haze grading are extracted.

Results: Twelve studies describing ultrasound, optical coherence tomography (OCT), and retinal photo-
graphy for detecting vitreous inflammation were included: Ultrasound was used for detection of disease
features, whereas OCT and retinal photography provided quantifiable measurements. Correlation with
clinician grading for OCT was 0.53-0.60 (three studies) and for retinal photography was 0.51 (1 study).
Both instruments showed high inter- and intra-observer reliability (>0.70 intraclass correlation and

Cohen’s kappa), where reported in four studies.
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Conclusion: Retinal photography and OCT are able to detect and measure vitreous inflammation. Both
techniques are reliable, automatable, and warrant further evaluation.

Vitreous inflammation, or vitritis, is a clinical manifestation
commonly found in posterior-segment involving uveitis. It is
the hall-mark of intermediate uveitis, but is also common in
panuveitis and may occur in posterior uveitis."” Infiltration
of the vitreous body with inflammatory cells and proteinac-
eous exudates gives a characteristic hazy appearance, redu-
cing the clarity of structures behind it (the optic disc and
retinal vessels) during fundoscopy.’ The clinical standard for
measuring vitreous haze has been the National Eye Institute
vitreous haze (NEI VH) scale since the Standardization of
Uveitis Nomenclature (SUN) Workshop in 2005.! Prior to
the SUN workshop, three grading systems existed.>*> The
NEI VH scale is a 6-point grading system for estimating the
vitreous clarity as seen through indirect ophthalmoscopy and
is also referred to as the National Institute for Health (NIH)
or Nussenblatt scale."”* The clinician’s estimate is compared
to a standardized set of photographs and given a score of 0,
+0.5, +1, +2, +3, or +4 (Table 1). This grading system has
been the widely accepted standard for clinical assessment in
routine care and for assessing disease outcomes in clinical
trials.>™® It has been adopted as part of composite measures
of disease outcome for uveitis, alongside other markers of
inflammation such as anterior chamber cells/flare, central
macular thickness, visual function, and quality of life.>'°

However, there are drawbacks to clinician grading. Firstly,
this method is subjective with only moderate interobserver
agreement, even when assessed by experienced uveitis
specialists.'™'*>  Secondly, the grading scale is non-
continuous and non-linear, with large steps between each
grade. Lastly, the system is poorly discriminatory for low
levels of vitreous inflammation, where the need for sensitive
detection of inflammatory activity to allow early clinical
intervention, is greatest.13

More recently, measuring vitreous inflammation using
instrument-based systems such as imaging devices has
been proposed as a solution to some of these challenges.
Several instruments, including fundus photography, ultra-
sound, and optical coherence tomography (OCT) have
been used to visualize the vitreous body. These instru-
ment-based methods have the theoretical advantage of
being objective and automatable, and the changes detect-
able by each could be employed as surrogate measures of
vitreous inflammation. This systematic review aims to
identify all non-invasive, instrument-based tools (hereon
referred to as index tests) with the ability to detect and
measure vitreous inflammation in uveitis, and report the
level of correlation between index tests and clinician
grading, as well as the index tests’ reliability.
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Table 1. Standardization of uveitis nomenclature/Nussenblatt photographic grading
of vitreous haze®

Grade Description

0 No evidence of vitreal haze

Trace/0.5+ Slight blurring of optic disc margin

1+ Obscured view but definition to optic nerve head and retinal
vessels

2+ Obscured view but definition to retinal vessels

3+ Optic nerve head visualized but borders are very blurry

4+ Obscured fundal view

*Nussenblatt et al. Standardization of Vitreal inflammatory Activity in
Intermediate and Posterior Uveitis. Ophthalmology. 1985;92(4). Adopted with
minor modifications by Jabs et al. Standardization of uveitis nomenclature for
reporting clinical data. Results of the First International Workshop. Am
J Ophthalmol. 2005;140(3).

Methods

This systematic review is reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement."* The methodology was specified in
advance and the protocol registered with PROSPERO
(CRD42017084168)."> Our search seeks to identify all index
tests for detecting and quantifying vitreous inflammation.
Where index tests were compared against a clinician grading
system, the level of correlation was extracted. Any evaluation of
test reliability, such as intra- and inter-observer reliability was
also extracted.

Search strategy

We combined free text terms and index terms reflecting the
pathological finding of interest, ‘vitreous haze’ or ‘vitritis’ and
the disease context ‘uveitis,” ‘inflammation,” ‘blood-retinal bar-
rier, and ‘leak’ where possible (search strategy available in
Supplementary Materials). Database searches were carried
out in MEDLINE, Embase, Cochrane Controlled Register of
Trials (CENTRAL), Center for Reviews and Dissemination
Database (Health Technology Assessments and the Database
of Abstracts and Reviews of Effects), Clinicaltrials.gov, WHO
International Clinical Trials Registry Platform (ICTRP portal),
British Library’s ZETOC, Conference Proceedings Citation
Index (Web of Science), British Library Ethos, ProQuest and
OpenGrey. We searched all databases from inception to
December 4, 2019, with no date or language restrictions. We
manually searched citations of review articles and included
studies to identify additional relevant articles.

Study selection

Two reviewers independently assessed study eligibility and
resolved disagreements by consensus or by referral to a third
reviewer. Studies were eligible if they described one or more
index tests for detecting and measuring vitreous inflammation.
Studies were not excluded based on the basis of subject age,
gender, ethnicity, underlying etiology, or disease activity status.
Animal studies and studies involving only healthy participants,
single case reports, commentaries, and opinion articles were
excluded.

Data extraction

Two reviewers independently extracted data using a pre-
specified data extraction sheet and resolved any discrepancies
through consensus and referral to a third reviewer when
needed. Data extracted included study design, population char-
acteristics and disease phenotype, details of the index and
reference tests, and outcomes relating to correlation between
the two tests and test reliability. The full list of extracted items
can be found in Table 2.

Risk of Bias Assessment

Relevant features of the Quality Assessment of Diagnostic
Accuracy Studies tool (QUADAS-2) were used to assess for bias
in the studies. The assessment considered patient selection (if the
patients receiving the index and reference tests were representa-
tive of uveitis patients and the spectrum of uveitic subtypes), index
test (if the index test was interpreted without knowledge of the
reference test), reference test (if the reference test was interpreted
without knowledge of the index test) and flow and timing (if all
patients received both tests within an appropriate time interval -
within same day assessment was deemed sufficient to ensure the
inflammatory status of the eye had not changed). Not all elements
of QUADAS-2 were applicable. For example, “whether the refer-
ence standard is likely to correctly quantify the target disease
(vitreous inflammation)” would be marked unclear for all studies,
due to the known poor reliability of clinician grading. As
QUADAS-2 is only applicable for studies comparing an index
test to reference test, the assessment was only carried out in studies
evaluating correlation between the two tests and not in studies
evaluating index test reliability.

Data analysis

For each index test, we tabulated the extracted information and
provided a narrative synthesis of methodological characteris-
tics and index tests evaluated. Studies which compared index
test measurements with a reference test (such as clinician
grading) and reported a correlation coefficient were included
in the analysis. In these studies, where confidence intervals for
correlation coeflicients were not reported, correlation coefhi-
cients were normalized using Fisher’s Z transformation for
meta-analysis and back transformed and presented on
a forest plot for visualization only. All statistical analyses
were performed using Stata Statistical Software (Release 15.
College Station, TX: StataCorp LP). Meta-analysis was not
performed for test correlation or reliability due to heterogene-
ity between studies.

Results
Results of the Search

The study selection process is summarized in the PRISMA flow
diagram (Figure 1).

The search yielded 7122 unique bibliographic records after
removal of duplicates. Of these, 7100 were excluded based on
screening of titles and abstracts. The large number of excluded
records was due to the unrestrictive nature of the search strategy,
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Figure 1. PRISMA flow diagram.

which was deliberately wide, to ensure full capture of all poten-
tially relevant technologies. The remaining 22 articles were
reviewed in full text and further 10 articles were excluded. The
reasons for exclusion were due to not matching the criteria for
outcome (n = 6) or target population (n = 4). Twelve articles
were included; two studies compared an index test with
a clinician grading system, two reported test reliability, and
two did both. Six studies described index tests but did not report
correlation with clinician grading or index test reliability
(Table 2).

Participants’ characteristics and study design

The 12 studies included a total of at least 840 participants'®>’

(two studies did not report the number of participants*®*”) and
at least 846 eyes (one study did not report the number of
eyes.”’) The studies were published between 1977 and 2019.
Four studies were conducted prospectively'®'”*** and eight
were retrospective.'®?*>*>?7 Only five studies reported

——
[ =
.0
® S
R Records identified through database Duplicates
= searching > (n=1282)
] (n = 8404)
=
—
—
A 4
g, Unigue records after de-duplication Excluded
’E (n=7122) > (n =7100)
o
o
)
—
—
A 4
Full-text articles assessed for Full-text articles excluded
> - (n=10)
2 eligibility » lati -4
i (n=22) e wrong population (n = 4)
2 e wrong outcome (n =6)
w
—
Studies describing non-invasive Studies not reporting
instrument-based tests for . correlation with clinician
vitreous inflammation grading or index test reliability
(n=12) (n=6)
°
7}
°
=
2 y
Studies reporting Studies reporting Studies reporting correlation
reliability of correlation between index between index test/clinician
index test test and clinician grading grading and index test reliability
(h=2) (n=2) (n=2)

gender, with 29% of participants (n = 149) being male.'®'”**

** The age of participants in studies ranged from 12 to
75 years.'®'7!??> Five studies included mixed etiologies,
including toxoplasmosis, sarcoidosis, Behcet’s disease,
Birdshot chorioretinopathy, pars planitis, Vogt-Koyanagi-
Harada disease, multiple sclerosis, tubulointerstitial nephritis
and uveitis syndrome, Reiter’s syndrome, multifocal retinitis,
serpiginous choroiditis, idiopathic retinal vasculitis, sympa-
thetic ophthalmia, and Dengue retinitis.'”**** Two studies
were narrower in their inclusion criteria with one study includ-
ing intermediate uveitis only'” and the other including patients
with multiple sclerosis only**. Five studies did not specify the
underlying etiology of participants.'®*>*’

Clinical reference test

Six out of 12 studies did not compare an index test against
a comparator.'”***® One study compared ultrasound biomi-
croscopy against  qualitative features on  slit-lamp
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fundoscopy.'® Four studies compared OCT'**' and retinal
photography”” against the NEI VH scale only, and one study
compared retinal photography against both NEI VH scale and
a photographic scale called the Miami scale (described in next
section).””

Instruments for detecting and quantifying vitreous
inflammation

Three types of technologies with the ability to detect and
quantify vitreous inflammation were identified from the 12
studies: ultrasound, retinal photography, and OCT.

Three studies employed ultrasound. One study used an A-scan
instrument, model 7100A (Kretztechnik, Austria) with
a transducer of 6 MHz/S mm?* and two studies used ultrasound
biomicroscopy (the UBM 840 (Zeiss-Humphrey, San Leandro,
CA, USA) with a 50 MHz probe in one study'® and the Model P45
(Paradigm Medical Industries, Salt Lake City, Utah, USA) with
a 50 MHz probe plus the Cinescan S (Quantel Medical,
Clermonth-Ferrand, France) with a 20 MHz immersion open
probe in another study.'”) The images in all three studies were
interpreted manually and qualitatively, by the operator, in real-
time.

Three studies used retinal photography. Davis et al.
developed a 9-point scale using calibrated Bangerter filters
to blur fundus photographs, originally acquired using 30°
Zeiss fundus camera model FF4 (Carl Zeiss Meditec Inc,
Pleasanton, California, USA) with a Nikon film camera
(Nikon Instruments Inc, Melville, New York, USA).>® This
9-point scale is known as the Miami scale and is designed
to be a reference for manual clinician grading of fundus
photographs. The authors tested the use of this reference
scale using film fundus photographs from an imaging
archive (unspecified camera and system). Madow et al.
used fundus photographs originally acquired as color film
slides for the MUST trial'* and digitized them using Nikon
Coolscan film scanner (Nikon, Inc, Melville, New York,
USA) at 300 dpi and saved as TIFF format.'® Madow
et al. used the Miami scale developed by Davis et al. to
grade the severity of vitreous haze in these photographs.'®
Passaglia et al. applied an automated retinal photography
analysis software to grade fundus photographs from
a clinical trial library (unspecified source, camera, and
system) according to the NEI VH and Miami VH scales.”’

Six studies used OCT. Five studies used the Heidelberg
SPECTRALIS OCT'?***** and one used the Cirrus HD-
OCT (Carl Zeiss Meditec, Dublin, California, USA).>' Two
studies used the same semi-automated image analysis techni-
que (custom OCTOR software),'”** two used the same fully
automated image analysis technique (custom VITAN, which
employs the same principles of pixel intensity as OCTOR,
requires no manual input other than confirmation of the
selected vitreous area)’”*> and one study used manual analysis
of OCT images using a subjective observer-based grading sys-
tem consisting of grades 0-2, where grade 0 was ‘not visible,’
grade 1 was ‘barely visible,” and grade 2 was ‘clearly visible.**

Index test reliability

Four studies reported index test reliability using varying meth-
odologies. Davis et al. reported an intraclass correlation (ICC)
of 0.88 between two observers grading fundus photographs
against the 9-point Miami scale.”* Madow et al. reported an
inter-observer ICC of 0.87 and an intra-observer ICC of
between 0.84 and 0.93 against the Miami scale.'® Keane et al.
used Bland-Altman plots to assess interobserver variability and
reported a median 95% limits of agreement (LoA) of 0.0353 for
all OCTs, 0.0450 in OCT's of uveitic eyes with vitreous haze and
0.0226 for OCTs of healthy eyes or uveitic eyes without vitr-
eous haze. They reported the variance ratio (F statistic) as non-
significant between groups, suggesting the measurement var-
iance was similar in eyes with and without vitreous
inflammation."® Mahendradas et al. reported interobserver
agreement as Cohen’s kappa >0.7 for all four tested techniques
(standard OCT, enhanced vitreous imaging, enhanced depth
imaging, and combined depth imaging).**

Correlation between index tests and the clinical reference
test: Slit-lamp based clinician grading

Four studies reported correlation between an index test and
clinician grading of vitreous inflammation (three studies using
OCT"?" and one study using retinal photography.'®) All stu-
dies reporting correlation used the NEI VH scale as
a comparator. The total number of participants included in
these four studies was 307 (430 eyes). Spearman’s r was used by
all studies except by Madow et al. to measure the association
between index test measurements and the NEI VH scale. The
level of correlation between OCT measurements and the NEI
VH scale using the semi-automated OCTOR software was
0.53-0.57,'”*" whereas for the fully automated VITAN soft-
ware correlation was marginally higher at 0.59-0.60.2>*® Both
studies by Keane et al., reporting the use of OCTOR and
VITAN, used the same retrospective dataset of images. The
level of correlation between manual grading of retinal photo-
graphs (using the Miami scale) versus clinician examination
(using the NEI VH scale) was reported as r = 0.51. The correla-
tion between index tests and the NEI VH scale are shown in
Figure 2. None of the four studies reported confidence intervals
for correlation coefficients and those shown in the forest plot
were estimated using sample size and correlation coefficient.
Passaglia et al. measured agreement between automated fundus
photography grading (using the Miami scale) and clinician
grading, rather than correlation. They report exact agreement,
agreement within one level and agreement within two levels of
0.61, 0.78, and 0.80, respectively, against clinician grading
using the NIH scale and 0.67, 0.82, and 0.84, respectively,
against the clinician grading using the Miami scale.”’”

Risk of Bias Assessment

The patient cohorts in the correlation studies were a mixture of
uveitis etiologies with a low risk of spectrum bias, except in the
retinal photography study by Madow et al., where the risk was
not assessable as the underlying etiology was not reported.18
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Index Test
Madow (2011) Retinal photography
Keane (2014)
Keane; Vit:RPE signal ratio (2015)
Keane; Vit:RPE textural ratio (2015)

8888

Zarranz-Ventura (2016)

Correlation (95% ClI) Sample Size
0.51(0.42, 0.59) 265
0.57 (0.37,0.72) 60
0.59 (0.40, 0.73) 60
0.60 (0.41,0.74) 60
0.53 (0.38, 0.66) 105

T
0

Figure 2. Level of correlation between index tests and clinician grading (SUN/NEI/Nussenblatt vitreous haze scale). RPE: retinal pigmented epithelium, OCT: optical
coherence tomography. *Keane 2015 uses VITAN, an automated version of the previously published OCTOR software. Two variations of the same technique are
presented: vitreous:RPE signal ratio and vitreous:RPE textural ratio.** Keane 2014 and Keane 2015 used the same cohort of patients for both studies.

Other than Madow et al., all studies used automated/semi-
automated systems to quantify vitreous haze; therefore, it was
assumed there was no potential influence from knowledge of
the clinician grading. All studies used previously recorded
clinician grading (from clinical care or clinical trials data),
therefore there was no possibility that the reference test could
have been influenced by the index test, which was conducted
afterward. Madow et al. did not report whether the fundus
photograph readers were blinded to the clinician grading
results. Although the time interval between index and reference
tests were not explicitly reported by any of the studies, it is
presumed that clinician grading and the images acquired were
performed on the same visit in all studies, even if image
analysis for index tests were done at a later date.

Study heterogeneity

After accounting for overlap between studies in terms of simi-
lar imaging techniques and duplicated patient cohorts, there
was considerable heterogeneity between the methodology and
populations across the included studies. Given this level of
heterogeneity, we have not performed any meta-analysis of
correlation or test reliability for index tests.

Discussion

This is the first systematic review for identifying noninvasive
instrument-based tests for detecting and measuring vitreous
inflammation in uveitis. Three technologies were found: ultra-
sound, retinal photography, and OCT. Ultrasound remains
primarily for qualitative assessment of features in the vitreous
body and has not been shown to quantify inflammation.
Retinal photography and OCT have demonstrated the most
potential as methods for quantifying vitreous inflammation
through automated and semi-automated means of image ana-
lysis. However, only 12 studies have been undertaken and even
fewer provided sufficient evidence on test reliability or correla-
tion with clinician grading.

Davis et al. and Madow et al. reported good interobserver
reliability (ICC>0.84) and moderate correlation (r = 0.51) of
manual grading using retinal photography (assessed using the
Miami scale).'"®*® This photographic method introduces two
advantages beyond the traditional indirect biomicroscopic
approach (assessed against the NEI VH scale). Firstly, it cap-
tures an adequate view of the fundus and removes the varia-
bility introduced by the level of the indirect biomicroscopy

skills of the examiner. Secondly, it is based on a 9-point scale
rather than the 6-point NEI VH scale, allowing smaller differ-
ences to be captured between grades. The automated retinal
photography technique applied by Passaglia et al. brings added
objectivity beyond the direct biomicroscopic assessment of the
NEI VH scale or the original subjective photograph-to-
photograph comparison of the Miami grading. On the other
hand, the OCT-based technique utilizes signal intensity
detected in the vitreous, to derive a measure of light reflectivity
as a continuous variable. The ability to detect vitreous reflec-
tivity on a continuous scale means the OCT-based method may
potentially offer sensitivity to even smaller, but potentially
clinically significant, changes in vitreous inflammation.

Whilst automation of image analysis may improve reliabil-
ity, we did not find that it consistently improves correlation
with clinician grading. The fully automated VITAN OCT algo-
rithm was tested on the same dataset as the semi-automated
OCTOR algorithm and showed marginally higher correlation
when compared to the NEI VH grade (r = 0.60 versus 0.57).*°
Manual grading of retinal photography showed moderate cor-
relation (r = 0.51)'® when compared to the NEI VH scale,
similar to the moderate agreement reported for fully auto-
mated photographic grading (Cohen’s K = 0.61).>”

Strengths and limitations of the review

This review represents the first systematic evaluation of tech-
nologies for measuring vitreous inflammation in uveitis. The
search strategy was designed to be highly sensitive, using
a broad range of databases, including conference proceedings,
dissertation databases and the grey literature. This review also
has several limitations. An issue in undertaking systematic
reviews of correlation between assessment methods is the
absence of an adequate specific tool for assessing risk of bias
in studies. We have used relevant elements of the QUADAS-2
tool for risk of bias assessment in test accuracy studies for the
correlation studies only, where one test was being compared
against another. However, this method of assessing risk of bias
could not be applied to include studies which only evaluated
one test (i.e. for index test reliability). Second, although we
included all studies reporting instruments with the potential to
detect and measure vitreous inflammation, the data extraction
and analysis were focused on test reliability or correlation with
the clinical standard. As a result, two studies that provide
evidence of the clinical validity and value of new techniques
were not discussed in detail.>*** These include Sreekantam
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et al.’s study which reported a highly statistically significant
reduction of OCT-based vitreous signal (using OCTOR) pre-
and post-injection of sub-tenon’s triamcinolone in patients
with uveitic macular edema, demonstrating the potential clin-
ical utility of this technique for detecting treatment response
and its potentially superior sensitivity for measuring change
over the clinician based grading system; however, this study
did not include NEI VH scale as a comparator.”* Coric et al.
also explored whether a difference in vitreous intensity could
be detected in patients with multiple sclerosis versus healthy
controls, but did not find a measurable difference; again this
study did not include NEI VH scale as a comparator.”
Additional imaging techniques such as ultra-wide field fundus
photography (using the Optos ultra-wide field camera) have
also been used to detect presence and absence of vitreous haze
through manual observation.?’ Third, the focus of this review
was on correlation with the reference test. Whilst correlation is
helpful in early validation, it is limited to demonstrating agree-
ment and non-inferiority to the comparator. From correlation,
it is not possible to determine if the index test is more accurate
than the reference test. To determine accuracy, a more reliable
reference test than the NEI VH scale is required, such as the use
of invasive vitreous sampling to determine the level of protein
and cellular infiltrates in the vitreous. Due to risks involved, it
is unlikely that vitreous sampling will be ethically justifiable in
routine practice. In the absence of a reliable reference test,
future work could compare the ability of index tests versus
clinician grading to detect changes in inflammation, such as
the pre- and post-treatment comparison Sreekantam et al.
conducted.”” The ability to demonstrate higher sensitivity to
small changes as well as stronger association with other inflam-
matory markers (such as central macular thickness) and visual
function, would provide further evidence of accuracy in mea-
suring the true disease state.

Limitations of the evidence

Firstly, due to the small number of included studies and het-
erogeneity in study design, meta-analyses of correlation or
reliability were not possible. Several studies were conducted
by the same author groups and presented sequential updates of
the same technique using different approaches to image analy-
sis, including automation.”**” Most studies used retrospec-
tively collected images, with several applying newer analysis
techniques to the same image set. Incomplete reporting and
varying methodology of the included studies also meant we
were unable to pool estimates of correlation between index and
reference tests. Secondly, authors sometimes reported correla-
tion coeflicients estimated from a mixed cohort of uveitic and
healthy eyes. With the exception of Madow et al., where only
uveitic eyes were included in the study, all other studies report-
ing correlation coefficients were a mixture of healthy and
uveitic eyes.' ! It was not possible to separate the two cohorts
as correlation was reported at an aggregated level in all cases.
On the other hand, all studies reporting intra/inter-observer
reliability included uveitic eyes only. Thirdly, of those studies
that reported NEI VH grading, no patients for OCT and only
one patient for retinal photography had grade 4+.'® It could be
that in dense vitreous haze, neither OCT nor photography can

successfully acquire a usable image and such cases could have
been excluded on the basis of poor image quality. However, it is
unclear how those index tests performed in the most severe
grades of vitreous inflammation.

Clinical relevance and impact

Of the instrument-based tests identified, OCT and retinal
photography are presented with the most supporting evidence
in this review. Both instruments offer the attractiveness of
being technologies already widely available in ophthalmic
clinics. Additionally, both techniques can be combined with
automated image analysis techniques. OCT additionally offers
a measurement which can be continuous and it has also been
shown to be sensitive to respond to treatment.** At this stage
there are only a few reports identified for either technology and
these reports were mostly retrospective studies with small
numbers of subjects. As noted earlier very few patients with
severe vitritis are included in these studies, and it is difficult to
draw conclusions on the validity of both instruments in the
most severe levels of inflammation. It could be argued that,
where inflammation is obviously detectable through clinical
examination, there is less additional value of quantification
by a noninvasive imaging technique. However, clearly, the
ideal scenario is to have a technique that is sensitive to changes
at both ends of the scale, including detecting worsening or
improvement in severe inflammation.

Another major consideration is around generalizability of
the study findings in the presence of ocular co-pathology. Of
particular concern is media opacity such as cataract, which may
cause a similar hazy appearance on fundoscopy and which
could degrade image quality on both retinal photography and
OCT. Given cataracts are a major complication of chronic
intraocular inflammation and ocular steroid therapy, many
patients with posterior uveitis have cataracts.’® In the included
studies of this review, only Davis et al. reported the exclusion of
subjects with cataracts.”® Zarranz-Ventura et al. assessed the
use of OCT of patients with uveitis, which also included pseu-
dophakia and patients who had undergone vitrectomy. They
demonstrated no observable difference in the measurement for
each of these groups compared to phakic and non-
vitrectomised eyes, respectively.?'

An important area for future work is to evaluate the rela-
tionship between instrument-based measures and visual func-
tion. Sreekantam et al. reported a correlation coefficient of 0.70
between VIT/RPE-relative intensity and visual acuity,
a stronger correlation than was demonstrated when the same
OCTOR technique was compared to the NEI VH grading by
Keane et al. (r = 0.60).1%?? However, this is not a direct com-
parison due to different subjects in each study. No other studies
explored the association between the index test measurements
and visual acuity or any other measure of visual function.
Whilst the relationship of visual function to inflammatory
activity is complex, often being delayed and indirect, it is
worthy of exploration. These tests will be of greatest value if
their use enables better control of inflammation, such that
vision is maintained in the immediate and long term. It is
worth noting that the importance of demonstrating clinical
validity through association with visual function was

108



emphasized by regulatory bodies at the American Uveitis
Society workshop at the University of California Los
Angeles (UCLA) in March 2019 on Objective Measures of
Intraocular Inflammation for Use in Clinical Trials.”'

If the unreliability of the current reference standard is limit-
ing the evaluation and adoption of emerging techniques, are
there any other techniques we should consider as a reference
test? As previously discussed, direct sampling of vitreous is
unlikely to be ethically justifiable unless it is being done for
diagnostic purposes. More invasive tests to quantify vitreous
inflammation also exist but are largely unused. Vitreous fluor-
ophotometry is an intravenous fluorescein-based imaging
technique which can quantify leakage of dye from the blood-
retinal-barrier (BRB) and has been used in the assessment of
inflammation of the posterior segment.’” Vitreous fluoropho-
tometry measures leakage by measuring the degree of fluores-
cence throughout the eye at defined axial points before and
after the intravenous injection of fluorescein. It relies on the
principle that the amount of leakage is proportional to the
degree of BRB breakdown. However, due to its invasive nature,
vitreous fluorophotometry is rarely performed and for the
most part, has been used as an experimental technique rather
than for clinical care.>®> Nonetheless, it is worth considering
that invasive tests like fluorophotometry may be more direct
measures of inflammatory activity and may serve as better
reference tests with which to validate newer noninvasive tests.
Assuming invasive approaches are not undertaken, evidence
supporting new techniques and eventual adoption as
a ‘reference standard’ is likely to depend on demonstrating
high test reliability, strong association with other evidence of
inflammation (such as macular thickness, presence of vitreous
cells and other vitreous inflammatory infiltrates, presence of
retinal vasculitis and vascular leakage and new active inflam-
matory lesions), and association with visual function (recog-
nizing that this may not be direct or immediate).

Conclusion

Non-invasive instrument-based tests for measuring vitreous
inflammation have the potential to improve reliability and
speed compared to clinician grading using indirect ophthalmo-
scopy. Retinal photography and OCT are two promising tech-
nologies with the potential to quantify vitreous inflammation;
however, further evidence beyond the proof-of-concept studies
identified by this review are required to demonstrate clinical
utility. Further evaluation in prospective studies should explore
association with other measures of posterior-segment inflam-
mation as well as visual function.
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Chapter 5: Developing an OCT-based technique for

measuring vitreous inflammation

One of the key markers of inflammation in uveitis (particularly posterior segment-involving
uveitis) is vitreous haze. As presented in Chapter 4, OCT is a promising technique for
objectively quantifying vitreous haze. Chapter 5 and Chapter 6 describe the development and
validation pathway of an OCT-based imaging technique, developed by our group, for measuring
vitreous inflammation. Chapter 5 provides a brief synopsis of the development pathway,
including publications prior to my joining the team in 2017, as well as studies | contributed to
between 2017-2020 (Sections 5.2). In Section 5.2, | briefly summarise the methods and
findings of each study (published papers which | co-authored are included in the Appendix).
Chapter 6 presents the prospective clinical study (OCTAVE) where | was involved in the study
design, undertook the ethics and sponsorship applications and led on all recruitment, follow-up,

collection of data, and data analysis.

5.1 Background to technique

5.1.1 Proof of concept

The analysis of vitreous inflammation using OCT was a technique first described by Keane et al
in 2014. The image analysis system (OCTOR) allowed delineation of the vitreous boundaries
and summation of pixel-level intensity in that space as a surrogate measure of vitreous
haze.(Sadda et al., 2007, 2010) The underlying principles of this technique are based on the

assumption that in higher levels of vitreous inflammation, inflammatory exudates leaked into the

112



vitreous body would cause higher levels of light scatter. As OCT imaging is based on the
detection of light reflectivity, higher levels of light scatter would result in increased signal
intensity detectable by OCT. The earlier technique involved two steps, first a manual boundary
annotation is performed by an observer to mark out the vitreous space (between the uppermost
edge of the B scan and the internal limiting membrane) and the retinal pigmented epithelium
(RPE). A mean pixel intensity value is calculated for each area and a ratio is derived, termed the

Vit:RPE relative intensity index.

In this first study, Keane and colleagues retrospectively derived the Vit:RPE relative intensity
index from macular OCTs of 30 patients with uveitic vitreous haze and 30 patients (12 uveitis
patients and 18 non-uveitis patients) without vitreous haze. A significant difference was detected
when comparing eyes with uveitic vitreous haze versus eyes without vitreous haze (p = 0.0001)
and between each grade of vitreous haze (p = 0.001). The correlation between NEI vitreous
haze grading and Vit:RPE relative intensity index was moderate (Spearman’s r = 0.566, p =
0.0001). Similarly, moderate correlation was shown with visual acuity (r = 0.573, p = 0.0001),

AC cell grading (r=0.613, p = 0.0001) and AC flare grading (r = 0.385, p = 0.003).

5.1.2 Different device and different patients

The proof-of-concept study was initially conducted using the Heidelberg SPECTRALIS OCT
only. To test generalisability of the approach across different OCT devices, a subsequent study
was carried out on a Cirrus spectral-domain OCT system (Cirrus HD-OCT; Carl Zeiss Meditec,
Dublin, California, USA) on a separate cohort of uveitis patients.(Zarranz-Ventura et al., 2016)
In this retrospective study, macular OCT images from 105 patients from a different hospital and
with various clinical grades of vitreous haze also demonstrated moderate correlation with the

NEI VH scale (Spearman’s r = 0.535, P<0.001). In addition, this study explored the effects of
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phakic status (69 phakic and 32 pseudophakic) and vitrectomy (92 non-vitrectomised eyes and
13 with previous pars plana vitrectomy) on the Vit:RPE relative intensity index. No significant
differences were detected across eyes of different phakic status or vitrectomy status, both
across all levels of NEI VH grading and within each level of grading. However only eyes with

grades 0, 0.5 and 1 were included in these sub analyses.

5.1.3 Automation

Although OCTOR automatically quantifies pixel intensity, it required up to 5-10 minutes per B
scan for an experienced grader to manually segment the vitreous and RPE regions. This was
acknowledged as a major limitation to the platform for real-world clinical use. In 2015, Keane et
al published an automated platform called VITreous ANalysis software (VITAN), which
automatically segments RPE and selects a rectangular area of vitreous.(Keane et al., 2015) The
only manual input required is a verification that the selected vitreous area is appropriate, after
which the system proceeds to calculate the Vit:RPE ratio. This updated approach not only
removed subijectivity arising from manual annotation, but also reduced the analysis time from 5-
10 minutes to 2 seconds. The study uses the same retrospective cohort of uveitis patients as
those included in the Keane 2014 paper and achieved comparable correlation with NEI VH
grading as the manual method (r = 0.585 for the automated method and r = 0.566 for the

previous manual method).

5.1.4 Detection of treatment response to local steroid injection

In 2016, Sreekantam et al reported the ability of the Vit:RPE relative intensity index to detect
treatment response in a retrospective analysis of patients with uveitic cystoid macular oedema
(CMO) receiving sub-Tenon’s triamcinolone acetonide (STTA).(Sreekantam et al., 2017) The

pre-treatment and post-treatment OCTs were analysed using the OCTOR algorithm in the same
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way as Keane et al. In this consecutive cohort of 22 patients, a significant reduction in the
Vit:RPE relative intensity index was detectable post-treatment (p < 0.001). A moderate
correlation (r = 0.534) between the change in Vit:RPE relative intensity index and change in the
central macular thickness was also found. Although this study included only a small number of
patients, it was the first longitudinal study to explore within-individual change of the
measurement in response to treatment. Even though only 22 subjects were included, a highly

significant difference was detectable by the OCT method.

5.2 Refining the OCT technique

Chapters 5.2 — 5.4 describes test development work on the OCT technique which | contributed
to, where we aimed to refine the OCT technique and optimise the image acquisition protocol,
prior to commencement of the OCTAVE study in Chapter 6. In these next sections, the
methods and results of each study is summarised in more detail and the published papers are

included in the Appendix.

5.2.1 Defining optimum scan protocol

| contributed to the data analysis, manuscript drafting and reviewing of this paper, which was
published in Montesano, G, et al. (2018). Optimizing OCT acquisition parameters for

assessments of vitreous haze for application in uveitis. Sci Rep 8, 1648. (Appendix)

5.2.1.1 Introduction

Previous retrospective studies have been reliant on standard-of-care macula OCT scans where
a number of imaging settings were set at the default configuration. In the next stage, through
prospectively collected scans, there was an opportunity to explore different image acquisition

configurations, to see whether the technique could be further refined.
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OCT image acquisition includes a number of settings which can be changed by the operator at
the point of acquisition, which may affect quality and resolution of the OCT scan. For example,
on the Heidelberg SPECTRALIS OCT device, the operator is required to manually bring the
retina into focus, by adjusting a dial and making a judgement of when the retina has come into
focus. This is a manual setting which has to be adjusted during almost every acquisition, by the
operator. There is also the ability to adjust the Automated Real Time (ART) number. This is a
function of the SPECTRALIS OCT device which combines multiple images captured in the
same location in order to increase the signal-to-noise ratio. As the ART function is increased,
the number of images acquired and averaged to derive the final image is increased, to a
maximum number selected by the operator. As a result, faint signals are increased from the
noise floor and the contrast between anatomical structures is enhanced.(Aumann et al., 2019)
Other common adjustable functions include positioning of the retina in the acquisition window

and the number and configuration of B scans acquired.

This study sought to define the optimum operator settings to achieve the most reliable Vit:RPE
relative intensity index measurement. We assessed the effects of several operator dependent

settings on measurement variability.

5.2.1.2 Summary of methods

This was a prospective study involving 15 healthy subjects who underwent a series of repeated
macular OCT scans using the Heidelberg SPECTRALIS OCT device. One eye of each
participant underwent 10 different acquisition protocols, repeated 3 times each (Table 8). All
scans were acquired using the SPECTRALIS OCT device, using a 30-degree lens,ina 7 B
scan volume configuration. Image analysis was carried out using the automated VITAN software

as previously described to derive the Vit/RPE relative intensity ratio.

116



Table 8. Scanning protocols for testing different setting combinations used. Each scan protocol
was repeated 3 times.(Montesano et al., 2018)

Alg?g;cs)ggn Vertlc\rjlvli t;;otsr,]lgosncgz retina ART Level Fees
1 Middle 100 In focus
2 Middle 50 In focus
3 Middle 25 In focus
4 Middle 12 In focus
5 Middle 6 In focus
6 Middle 100 +5
7 Middle 100 +10
8 Middle 100 -5
9 Middle 100 -10
10 Bottom 100 In focus

Vertical position referred to the position of the retina in the live acquisition window (or the Z
plane). Adjustment of this position has a direct effect on how much vitreous volume is captured
(i.e. retina positioned at the more inferior part of the window maximises the amount of vitreous
captured). ART level can be set between OFF (1) - 100 by the operator (i.e. no image averaging
- 100 images averaged). Focus is adjusted using a dial during acquisition and judged by the
operator to bring the retina in focus in infrared image. ‘In focus’ is the default position and refers
to when focus is at the level of the internal limiting membrane (i.e. retinal vessels are at the plan
of focus), ‘+5’ and ‘+10’ dioptres is a positive shift of the focus from this default position and vice

versa -5’ and -10’ is the opposite adjustment.

Linear mixed models were employed to assess:

1. the effects of different settings (ART level, focus and positioning) on the Vit/RPE relative
intensity ratio and,

2. the variability of the measurement at the three levels:
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a) Within acquisition: between the 7 B scans within each volume scan,
b) Within eye: between the 3 repeated volumes within each eye and

c) Between eye: between the 15 participant eyes.

5.2.1.3 Summary of results

5.2.1.3.1 ART level

Changing the ART level did not have a significant effect on the Vit/RPE relative intensity index
(p=0.08) or the within volume (p = 0.308) and within eye (p=0.869) measurement variability. A
moderate effect was found on the variability across subjects (p = 0.005). Pairwise comparison
showed that ART 100 scans showed higher variability than ART 6 (p = 0.032, 3.99 fold

increase) and ART 25 (p = 0.004, 5.41 fold increase) (Table 9).

Table 9. Effect of the ART value on the Vit/RPE relative intensity index (reproduced from
Montesano et al)

Global Within scan | Intra - subject | Inter - subject
ART | meanratio | variability variability variability
6 0.043 0.010 0.006 0.008
12 0.043 0.009 0.007 0.010
25 0.043 0.010 0.007 0.007
50 0.039 0.010 0.007 0.012
100 0.048 0.011 0.007 0.016*

On this basis, we determined that lower ART values are likely to produce the most reliable

measurement.

5.2.1.3.2 Focus

Adjusting the focus to 10+ dioptres and 5+ dioptres caused 21 (6%) and 7 (3%) OCT volume

acquisitions respectively to fail. This is a function of the SPECTRALIS device which will not
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acquire the image unless sufficient quality is achieved. Image analysis by VITAN failed in

504/1575 B scans where the image was brought out of focus (32% failure rate).

We found that adjusting the focus had a significant effect on the Vit:RPE relative intensity index
(p<0.001). All adjustments on focus (whether positive or negative dioptres) caused the Vit/RPE
relative intensity index to increase. The measurement variability at all three levels were also

increased (all p<0.001) for all adjustments in focus, except for the -5 dioptre adjustment (Table

10).

Table 10. Effect of focus on the Vit/RPE relative intensity index (reproduced from Montesano et al)

Global Within scan | Intra - subject | Inter - subject
Focus mean ratio | variability variability variability
—10D 0.162%* 0.019%%* 0.015%* 0.036
—5D 0.088%* 0.013 0.012% 0.029
In focus | 0.048 0.011 0.007 0.023
+5D 0.192%% 0.032%% 0.022% 0.040%
+10D 0.200%* 0.027%* 0.033%* 0.036

On this basis, we determined that setting the focal plane to the level of the retina is likely to

produce the most reliable measurement.

5.2.1.3.3 Positioning

Lastly, positioning the retina at the bottom of the acquisition window significantly increased the
Vit:RPE relative intensity index (p<0.001) and the variability at all three levels (p<0.01 for all
levels) compared to positioning the retina in the middle of the acquisition window. On this basis,
we determined that retina positioning at the middle of the acquisition window is likely to produce

the most reliable measurement.
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5.2.1.4 Conclusions

This study explored the extent to which operator dependent factors may impact the reliability of
the Vit:RPE relative intensity index. Through this investigation, we were able to identify the
operator settings which produced the most reliable measurements in healthy controls. We

therefore defined a standardised image acquisition protocol, which is defined as:
A Macular OCT volume, where:

1. The retina is positioned in the middle of the acquisition window

2. The ART level is set at 9 (chosen pragmatically due to the minimal effect ART was
shown to have on the measurement and because ART 9 is the default setting in most
SPECTRALIS protocols)

3. The focal plane is set at the level of the retina.

5.2.2 Refining the OCT technique: minimum number of B scans required

| contributed to the data analysis and manuscript drafting and reviewing of this paper, which is
published as Terheyden, et al (2021). Automated quantification of posterior vitreous
inflammation: optical coherence tomography scan number requirements. Sci Rep 11, 3271

(Appendix).

5.2.2.1 Introduction

As the vitreous body is neither homogeneous, nor stationary, it follows that Vit:RPE relatively
intensity measurements from B scans in different locations may vary. Various materials
distributed in the vitreous humour, including degenerative material, inflammatory cells and
exudates can cause variations in OCT reflectivity from B scan to B scan. Retinal OCT scans

also only capture a relatively small area of vitreous, compared to the entire vitreous body.
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Depending on the configuration of the scan pattern, it is possible to change the theoretical
volume captured by OCT. Increasing the length of B scans (i.e. increasing the number of A
scans) and the number of B scans will increase the overall area represented in the volume. The
axial depth of each B scan is fixed and cannot be changed on most OCT devices. It might
therefore seem reasonable to increase the B scan length and number as much as possible, to

maximise the amount of vitreous included in one acquisition.

However, the theoretical volume has to be balanced by a number of other considerations.
Increasing the length and number of B scans will increase the length of time required for each
acquisition. This time demand increases the likelihood of movement artefact and can impact on
quality of scan. Similarly, should the speed of acquisition between sequential B scans be slower
than movement of the vitreous body, then opacities could theoretically be double counted (e.g. a
vitreous floater which moves at the same speed as B scan acquisition could theoretically be
captured by all B scan acquisitions). A longer scan time increases the burden on patients,
especially those who naturally have trouble fixating on a spot for extended periods of time,
meaning its use in these patients will be limited. Although time required for scan acquisition is a
theoretical concern, its likelihood is minimal as the speed of acquisition for most OCT volume

scans nowadays is a matter of seconds.

In the earlier work by Keane et al. and Zarranz-Ventura et al. macular volumes consisted of 3 to
5 and 128 B scans respectively.(Keane et al., 2014; Zarranz-Ventura et al., 2016) Our later test
reliability study in healthy eyes used macular volumes with 7 B scans.(Montesano et al., 2018)
However, investigation of optimum number of B scans required has not been formally
conducted. Therefore in this next study, we sought to define the minimum number of B scans

required to achieve reliable Vit:RPE relative intensity index measurements.
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5.2.2.2 Summary of methods

In this retrospective study, 49 macular OCT scans from 49 patients with uveitis were included.
All OCT scans consisted of 19 B scans covering theoretical areas of 20°x15°. Alternative B
scans per volume were selected and the average Vit:RPE relative intensity ratio of these 9 B
scans were considered the ‘reference’ measurement for each volume. The measurements of
five alternative configurations, consisting of 1, 3, 5 and 7 central B scans and 3 widely

distributed scans, were compared to the reference measurement from 9 B scans (Figure 8).

The intraclass correlation coefficient (ICC) between all B scan Vit:RPE relative intensity
measurements per volume was calculated. The median absolute difference and limits of

agreement for each configuration was compared to the reference measurement.

Figure 8. lllustration of an en face infrared image linked to an OCT volume scan that consists of 19
B-scans. The white dots indicate which scans (green lines) have been included in the different sub
selections. (Terheyden et al., 2021)

1 central scan (1¢c)

3 central scans (3¢)
5 central scans (5c¢)
7 central scans (7¢)

3 wide scans (3w)
Total of 9 scans (9s)

18/19
16/19
14/19
12/19
10/19
8/19
6/19
419

219
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5.2.2.3 Summary of results
The ICC of the Vit:RPE relative intensity index across 9 B-scans for the included participants was
0.923 (95% confidence interval 0.886 — 0.952), indicating high agreement between B scan

measurements.

We found the median Vit:RPE relative intensity index across all B scans was 0.029 (interquartile
range 0.032), ranging from 0.0026 to 0.394. Compared to the reference (mean Vit:RPE relative
intensity index of 9 B scans), the mean absolute difference and limits of agreement was smallest
when 7 central scans are included and largest when only a single central scan is used. However,
3 wide B scans showed higher agreement than 5 central B scans, suggesting distribution across

the whole theoretical area is potentially more important than number of B scans (Table 11).

Table 11. Mean absolute difference and limits of agreement between the reference standard (mean
measurement of 9 B-scans) and each configuration.(Terheyden et al., 2021)

Limits of agreement

Scan sub Median Absolute Difference combpared to reference
selection from reference standard (IQR) P
standard
1 central scan (1c) 0.006 (0.009) [-0.039;0.037]
3 central scans (3c) 0.005 (0.011) [-0.033;0.032]
5 central scans (5¢) 0.004 (0.009) [-0.028;0.026]
7 central scans (7¢) 0.001 (0.004) [-0.009;0.009]
3 wide scans (3w) 0.003 (0.005) [-0.014;0.013]

5.2.2.4 Conclusions

This study provided evidence that the Vit:RPE relative intensity index is consistent between B

scans in a volume. Where scan workload is problematic, 3 widely distributed B scans can be
used to produce a reliable measurement, similar to including 5-7 central B scans. Similarly,
where speed of scan acquisition is critical (such as when dealing with subjects with poor

fixation), 3 widely distributed B scans could be sufficient.

123



5.2.3 Refining the OCT technique: Moving to raw images

In all previously mentioned studies, the image analysis technique has been based on OCT
image exports. The images used are exported in the standard format offered by the Heidelberg
Eye Explorer software. The images produced are subject to a number of image intensity
adjustments made by the software, which could potentially affect the derived Vit:RPE relative
intensity index. For example, as OCT scans are used primarily to assess retinal structures,
retinal structures (i.e. hyperreflective areas) are preferentially enhanced in order to make the
retinal layers appear brighter. Similarly, faint reflectivity signals which could represent noise
artefact are dampened and appear darker. These adjustments are embedded within the
Heidelberg Eye Explorer software and not accessible to the user. However, without knowledge
of these transformations, we could not know the true vitreous signal. This raised concerns that
any imposed correction functions, intended to decrease noise and enhance perceived image
quality (to the human eye), could either cancel out or enhance clinically relevant vitreous
signals. This prompted us to explore the possibility of exporting Heidelberg OCT images in the

raw format.

Through collaboration with Heidelberg Engineering, we were permitted access to the raw OCT
exports and were able to utilise the uncorrected OCT signal within each B scan. With this
functionality unlocked, a new custom image analysis software was developed (by Ometto G),
called EQUIP (Extended OCT Quantification in Uveitis to Inform Practice). EQUIP is able to
apply the same technique as previously described on raw OCT exports, which has intensity
corrections and brightness transformations removed. Like OCTOR and VITAN, EQUIP first
segments each B scan to isolate vitreous space and then automatically quantifies the average
signal intensity within the vitreous space. However, EQUIP does not utilise the concept of

Vit:RPE relative intensity ratio, but instead derives an averaged absolute reflectivity measure for
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the vitreous space only. This change was made possible by moving to analysis of the raw OCT
signal, but also motivated by the concern that in cases of RPE disruption (such as in the case of
infammatory macular oedema and choroidal neovascular membrane), the RPE measurement

within the Vit:RPE ratio would be disproportionately affected.

In the latest version of EQUIP, raw images are exported in the proprietary Heidelberg OCT
format ready for analysis. The image analysis summates the total intensity in the vitreous region
and the total intensity in the entire B scan (which is taken as a representation of the total signal
reaching the retina). The vitreous intensity is calculated as a proportion of the total B scan
intensity. In simplistic terms, the measurement can be thought of as a fraction where the
numerator is the total intensity of the vitreous area (red area) and the denominator is the total
intensity of the B scan (red area plus green area) (Figure 9). The final output is a continuous
measurement which has been normalised by logarithmic transformation and the measurement
is recorded in arbitrary units. The measurement is a negative value, where a more negative

value suggests lower image intensity and a more positive value suggests higher image intensity.

Figure 9. Segmented B scan (A) with region of interest being the superior purple area (B)
representing the vitreous.
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5.3 The final OCT technique protocol

Based on the work described in this chapter, a recommended acquisition protocol was defined
for the prospective clinical study in Chapter 6. The final parameters were decided based on a
balance between achieving the most reliable measurement and defining a scan protocol which
would not be too onerous for the operator or the patient. Additional considerations included,
whether the scan protocol could be tailored similarly to others which are routinely used for
retinal disease. For example, the ‘Fast Macular’ preset on the Heidelberg SPECTRALIS OCT is
a commonly used protocol for most medical retina clinics (an OCT volume consisting of 25 B
scans set at ART 9) and which operators and patients are already familiar with. The intention of
the final protocol is to achieve a balance of test reliability versus minimising the burden on
operators, maximising acceptability to patients and allowing the best chances of adoption in

practice.
The final imaging protocol (Figure 10) for OCTAVE was:

e Heidelberg SPECTRALIS OCT using a 30° lens;

e 7 20° horizontal B scans, centred on the macula;(Terheyden et al., 2021)

e ART level set at 9;(Montesano et al., 2018)

e Scan operators were instructed to position the retina in the middle of the scan acquisition
window and focus the image at the level of the internal limiting membrane, as is

conventional practice for OCT.(Montesano et al., 2018)

Figure 10. Example of 7 B scan volume with en face infrared image (left) and the cross-sectional
OCT is shown (right).

The most inferior B scan (position 1/7) is selected and shown in the OCT window (left).
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The scans acquired using this protocol would require exporting in the raw format and analysed

using the custom EQUIP module.

Chapter 6: OCTAVE - a prospective study
evaluating the OCT technique in healthy and uveitic

eyes

Optical Coherence Tomography-Assisted Vitreous Evaluation (OCTAVE) sponsored by
University Hospitals Birmingham NHS Foundation Trust (RRK6369) is a prospective
observational study to validate the novel OCT-derived vitreous haze technique. It was
conducted between January 2018 to September 2019, with the last patient recruited on 26"
September 2019 and data locked on 17th February 2020. The OCTAVE study is supported by a

Wellcome Trust Health Innovation Challenge Grant (200141/2/15/Z).

OCTAVE has two key components: the evaluation of the OCT-derived vitreous haze technique

in healthy eyes and evaluation in eyes with uveitis.

First, the technique is evaluated in healthy eyes. This part of the study assesses the test-retest

variability of the measurement in healthy eyes and determines whether there is significant
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variation between the B scans of each volume within the same eye. This part of the study
informs what the expected mean and normal range of the vitreous intensity value is in healthy

eyes.

Second, the technique is evaluated in uveitic eyes. The within eye test-retest variability is
evaluated in uveitis eyes with varying levels of vitreous haze (as measured by the NEI vitreous
haze grading system). This was done to assess the impact of uveitis (both active and quiescent)
on the test reliability. The ability of the test to discriminate presence and absence of
inflammation was assessed by comparing the OCT measurement in healthy eyes, uveitic eyes
with vitreous haze and uveitic eyes without vitreous haze. Lastly, the association between the
OCT-derived vitreous haze measurement and other clinically important measurements such as
NEI vitreous haze grading, central macular thickness and visual acuity is assessed. The

OCTAVE study report is currently in preparation for submission for peer-reviewed publication.

6.1 Evaluation of technique in healthy eyes

6.1.1 Introduction and aims

As highlighted earlier in Section 1.5 (Evaluation of a new test), before seeking to evaluate the
OCT technique in the uveitis (clinical validation in disease), it is important to ensure good
reliability in healthy eyes in a controlled environment (technical validation and clinical validation
in health). Initially, this would include assessment in healthy eyes using repeated measures on
the same visit. Other factors may contribute to the overall technical variability, for example the
variation introduced by using different physical OCT machines (of the same model) and different

operators acquiring the scan.
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The variability of vitreous intensity in different parts of the eye is also unknown. In particular, it is
unclear how spatial distribution along the vertical axis affects the vitreous. It is possible that
there is a gravitational effect on vitreous debris that a higher vitreous intensity signal is typically
found in inferior parts of the OCT volume compared to the superior parts. Previous work using
VITAN in healthy subjects has suggested variations in the Vit:RPE relative intensity index in

different intraocular areas, with highest density seen in the inferior portion.(Barry et al., 2016).

The aim of this study was to (1) define the expected normal range for vitreous intensity within
healthy eyes, to inform interpretation of measurements in abnormal eyes, (2) estimate the
reliability of the OCT measurements within healthy eyes, by measuring the test-retest variability
between repeated scans in the same eye, and (3) measure the variability between individual B
scans on a vertical axis of each volume is also assessed to explore whether there is a

difference in spatial distribution of vitreous intensity.

6.1.2 Methods

Participant recruitment

In this study, healthy participants were prospectively recruited between January 2018 to
December 2019 at University Hospitals Birmingham NHS Foundation Trust. Participants were
hospital staff or family members/carers of patients attending the ophthalmology outpatient
department. All participants underwent an ophthalmic examination to exclude the presence of
any pathology. This protocol was approved by the NRES East Midlands Ethics Committee
(Ref:14/EM/1163) and written consent was given by all subjects. This protocol adhered to the

tenets of the declaration of Helsinki.
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Image acquisition

Participants did not receive dilating drops as OCT scans can typically be acquired in undilated
healthy eyes. OCT scans were performed using the Heidelberg SPECTRALIS OCT (Heidelberg
Engineering, Heidelberg, Germany) using a 30 degree lens, as per the pre-specified protocol (7
horizontal 20 degree B scans, centred on the macula, covering a theoretical area of 20° by 5°
(5.9mm by 1.5mm) and with the macula positioned in the middle of the B scan). For each
participant, the right eye was scanned three consecutive times by the same operator. Each OCT
image was exported in the raw format and processed using the custom EQUIP module to derive

the vitreous intensity measurement.

Statistical Analysis

A multi-level mixed model was used for this analysis to account for the clustering (7 B scans per
volume and 3 repeated volumes per subject). The intraclass correlation (ICC) at the within
subject-eye and between subject-eye levels were calculated. To assess the effects of spatial
distribution on vitreous intensity, we used the same model to assess the difference between
vitreous intensity value across the 7 B scan positions, using the most inferior B scan as a

reference. All statistical analysis was performed using Stata 16 (StataCorp LLC, Texas, USA).

6.1.3 Results

Forty-one eyes of 41 healthy subjects were included in the study. Subjects included 16 (39%)
males and 25 (51%) females with a mean age of 48 years (SD +19). All participants underwent
the complete scan protocol, resulting in 123 scans in total. The mean (SD) vitreous intensity

value across all healthy eyes was -25.04 (+1.77; 95% CI of -24.5 to -25.5) units (Figure 11).
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Figure 11. Distribution of OCT vitreous intensity measurements in 41 healthy subjects.
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In the test-retest variability analysis of three repeated scans in each eye, the within-eye ICC was
0.79 (95% CI:0.71-0.85) and the between-patient eye ICC was 0.75 (95% CI:0.65-0.86). When
comparing vitreous intensity measurements across the 7 B scan positions (Figure 10), a
significant difference was detectable between the middle B scans: position 4 (p<0.005), position
5 (p<0.005) and position 6 (p<0.05) in comparison to the most inferior B scan (position 1) (Table

12).

Table 12. Mean vitreous intensity in the 7 different B scan positions in healthy eyes.

B scan position Mean vitreous intensity (SD)

7 -25.0 (1.98)
6* -25.1 (1.85)
5** -25.3 (1.99)
4** -25.3 (2.22)
3 -25.1 (1.95)
2 -24.7 (1.83)
1 (reference) -24.8 (2.07)

1 = most inferior B scan, 7 = most superior B scan.
*p<0.05, **p<0.005 within the multilevel mixed model when compared to reference position; all
other positions were non-significant.
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6.1.4 Discussion

This study assessed test-retest variability of the vitreous haze measurement in healthy eyes and
the effect of spatial position of B scans on the vitreous haze measurements. It found that in a
controlled environment, with a single operator taking repeated images on the same visit, within-
eye ICC was 0.79 (considered high reliability) and between-eye reliability was 0.75 (considered
moderate reliability) in healthy controls.(Portney, Watkins and Others, 2009) Position of
individual B scans can affect the measurement, with central B scans showing significantly lower
vitreous intensity measurements compared to the most inferior B scan, whereas the most
superior B scan was not significantly different.

This study showed that the current OCT technique demonstrates good reliability. There are
several possible explanations as to why B scan position can affect the measurement. There
may be a true biological variability in the composition of the vitreous, or it could be due to
technical limitations of the imaging technique. The focal point of OCT volume is typically set with
the central B scan positioned centrally at the macula (i.e. in the position of the 4th B scan). With
the natural curvature of the retina and the globe, B scans further away from the central point are
further away from the focal point and therefore are more out of focus. Increased noise artefact in
the image attributable to poorer image quality may be misinterpreted as high vitreous intensity
by the EQUIP algorithm.

This study has several limitations. First, the sample size is relatively small and was determined
by published ‘rule-of-thumb’ guidance, rather than any formal sample size calculations, as there
are no pre-existing estimates of the measurement variance.(McNeish and Stapleton, 2016)
Second, this study only explored within/between subject-eye test-retest variability by one
operator and on the same visit. In order to assess how the test reliability may be adversely
affected by different operators, subsequent studies should include different operators, with

varying degrees of experience, performing repeated scans on the same visit. Furthermore,
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subjects should be scanned at different points in the day or on different days to determine the
biological variability of the measurement in the same patient over time. Third, whilst all scans
were successfully acquired with undilated pupils, it is unclear whether pupillary dilation would
have improved scan quality and/or changed the measurements. Future studies in healthy eyes
should take pre and post-dilation OCT scans to evaluate whether pupillary dilation has an effect
on the measurement.

This study provided evidence that the vitreous intensity measure showed good reliability in the
absence of any pathology. The mean and variation (SD) in healthy eyes were established,
which will inform interpretation of measurements in uveitic eyes. Different B scan positions can
give rise to variations in the measurement, with the central B scans showing lower vitreous
intensity levels than the peripheral B scans (both superior and inferior). In the study described in
Section 5.2.2 variability between 9 B scans of a volume was assessed. Although that analysis
found an ICC of 0.92 (95% CI 0.89 — 0.95) across all B scans within a volume, they also found
including a small number of peripheral B scans (3 wide B scans), was more likely to give a
similar measurement to the averaged measurement across all B scans, compared to if only the
central B scans were included (5 central B scans). Therefore, although the overall variability
across B scans was low, differences in peripheral B scan measurements may have been
disproportionately contributing to the variation. This would be in keeping with the results shown
in this study and can be explained by either true biological variation in the vitreous composition,
or by the optical effects of moving away from the focal plane. This would not be a problem if
focal measurements (i.e. single B scan) was sufficiently representative of the whole vitreous
volume, however the vitreous is not a homogenous structure and we would ideally want to
maximise the number of B scan to provide a representative global measure of the entire

vitreous body. Given the need to capture a wide area of vitreous and considering any optical
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effects of peripheral scans is likely to affect all volumes in the same way, in subsequent work
the mean of all 7 B scans will be calculated to derive a single global vitreous intensity per eye.
The first part of the OCTAVE study demonstrated good within-eye reliability of the OCT
technique in healthy eyes. The mean and expected variability (SD) of the measurement in
healthy eyes was established, which will inform interpretation of measurements in the

subsequent study in uveitic eyes.

6.2 Evaluation of the technique in uveitic eyes

6.2.1 Introduction and aims

The first part of OCTAVE demonstrated that the OCT-based measurement of vitreous intensity
is reliable in healthy eyes. The second part of OCTAVE aims to determine whether the
measurement is similarly reliable in eyes with uveitis. This study also aims to determine the
clinical validity of the OCT-based measurement by assessing its relevance to clinically important
outcomes. First, the ability of the measurement to discriminate between healthy eyes and eyes
with uveitis is assessed. Then, the association between the OCT vitreous intensity and NEI
vitreous haze grading, as well as other clinically important variables in uveitis such as central

macular thickness and visual acuity, is assessed.

6.2.2 Methods

Participant inclusion

For this study, participants with uveitis and varying degrees of vitreous haze, including no
vitreous haze, are included. Patients who were attending the uveitis clinic at University Hospitals

Birmingham NHS Foundation Trust between January 2018 to December 2019 were
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consecutively enrolled into the study. All patients with a diagnosis of posterior segment-involving
uveitis were included. Exclusion criteria included those younger than 16 years and those where
the diagnosis was subsequently confirmed to not be uveitis (including masquerade syndromes
such as lymphoma). Healthy participants included in the analysis were the same cohort
described in Section 6.1. All eligible participants were prospectively enrolled and informed
consent given. This protocol was approved by the London-South East Research Ethics

Committee (18/L0O/1332). This protocol adhered to the tenets of the declaration of Helsinki.

Image acquisition

Dilated OCT macula scans were performed as described earlier using the Heidelberg
SPECTRALIS OCT (Heidelberg Engineering, Heidelberg, Germany) using a 30 degree lens, as
per the pre-specified protocol (7 horizontal 20 degree B scans, centred on the macula, covering
a theoretical area of 20° by 5° (5.9mm by 1.5mm) and with the macula positioned in the middle
of the B scan). For each participant, the eye was scanned three consecutive times by an
experienced OCT technician prior to clinical examination. The OCT technician did not have prior
knowledge of the patient’s disease history or clinical status. Each OCT image was exported in
the raw format and processed using the custom EQUIP module to derive the vitreous intensity

measurement.

Clinical examination

At each routine clinical visit, participants had visual acuity tested (Snellen chart at 6 metres) and
underwent routine dilated ophthalmic examination by an experienced uveitis specialist. The
disease locality, AC cell grade (SUN grading(Jabs et al., 2005)), phakic status (recorded as
phakic, pseudophakic or cataract), vitreous haze grade (NEI vitreous haze grading, assessed

through indirect ophthalmoscopy) were recorded. All OCT analysis for the vitreous intensity was
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carried out at the end of the study, therefore the uveitis specialist had no knowledge of the OCT-
derived vitreous intensity measurement. Additionally, the OCT central subfield thickness (CST),
as automatically calculated by Heidelberg Eye Explorer, was taken as a measure of macular

thickness.

Statistical analysis

Test reliability: A multi-level mixed model was used for this analysis to account for the
clustering (the average of 7 B scans per volume and 3 repeated volumes per subject). The
intraclass correlation (ICC) at the within subject-eye and between subject-eye levels were

calculated across the whole cohort and separated by NEI vitreous haze grade.

Ability to discriminate eyes with and without inflammation: The study cohort was split into
three groups: healthy subjects (the study cohort from Section 6.1), uveitic eyes with no vitreous
haze (NEI vitreous haze grade 0) and uveitic eyes with vitreous haze (NEI vitreous haze grades
0.5 and above). The vitreous intensity measure for 7 B scans in each volume was averaged to
derive a single measurement per eye. A simple linear regression was fitted, with the OCT
vitreous haze measurement modelled as the outcome and the three groups treated as a

categorical independent variable, to assess differences between each group.

Association with NEI vitreous haze grading: To assess the association between the OCT
vitreous intensity measurement with NEI vitreous haze grading, the mean difference of the OCT
vitreous measurement at each NEI grade was calculated compared to the reference
measurements from the healthy control group described in Section 6.1. The NEI grading was

treated as a categorical independent variable and OCT vitreous measurement modelled as the
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outcome. The Wald Chi Squared Test was used to assess for overall significance of difference

between OCT intensity measurements in each NEI grade.

The effect of age, phakic status and AC cells on the OCT vitreous intensity measurement:
The effects of age, phakic status (grouped as cataract present or absent) and AC cells (SUN
grade 0 versus SUN grade 0.5+ and above) on the OCT vitreous intensity measurement was
evaluated in a multivariate analysis whilst adjusting for severity of inflammation as per the NEI
vitreous haze grade (categorised as NEI VH grade 0, 0.5+, 1+ or 2+ and above). The OCT
vitreous intensity measurement was modelled as the outcome and predictors were age, phakic

status, AC cells and NEI vitreous haze grading.

Ability of OCT vitreous intensity to predict VA and CMT: To explore whether the OCT
vitreous intensity measurement can predict VA and CMT, two separate multivariate analyses
were conducted. In both analyses, OCT vitreous intensity and NEI vitreous haze grading are
treated as predictors, with NEI vitreous haze grading grouped as grade 0, 0.5+, 1+ and 2+ and
above. In the first multivariate analysis, which models VA as the outcome, age, phakic status
(grouped as cataract present or absent) and CMT are included as predictors. VA was converted
from snellen to logMAR (counting fingers (CF) and hand movements (HM) were converted to
2.1 and 2.4 logMAR, respectively).(Sparrow et al., 2012) In the second multivariate analysis,
where CMT is modelled as the outcome, AC cell grading (grouped as AC cells present/absent)
and NEI vitreous haze grading are treated as predictors, with NEI vitreous haze grading

grouped as grade 0, 0.5+, 1+ and 2+ and above.

One eye per participant was included in the analysis. As patients with active vitreous
inflammation were uncommon, for all analyses, the eye with inflammatory activity (defined as
NEI vitreous haze grade 0.5+ or presence of cystoid macular oedema, active chorioretinal

lesions and active vasculitis) was purposefully selected to oversample this cohort. In the
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absence of disease activity, or if both eyes showed active disease, the right eye was selected.

All statistical analysis was performed in Stata 16 (StataCorp LLC, Texas, USA).

6.2.3 Results

Participant characteristics

Seventy-eight subjects participated in this study, including 46 subjects with vitreous haze in one
or both eyes and 32 without vitreous haze in either eye. 41 healthy subjects described in
Section 6.1 were also included in the analysis for comparison. One subject with grade 4+
vitreous haze (NEI VH scale) was excluded from the analysis as the vitreous density was so
severe that an OCT image could not be acquired. The participant characteristics are
summarised in Table 13. Vitreous intensity (SD) for participants without haze was -24.2 (+1.5)

and for participants with haze was -22.8 (+1.9).
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Table 13. OCTAVE Study: Characteristics of recruited patients with uveitis

Uveitis without haze (32)

Uveitis with haze (45)

Sex

Male (%) 11 (34%) 17 (38%)
Female (%) 21 (66%) 28 (62%)
Mean age (SD) 52 (+17) 51 (+18)
Ethnicity

White 21 33
Asian/Asian British 6 10
Black/African/Caribbean/Black British 2 2
Mixed/Multiple ethnic groups 3 0
Aetiology

Idiopathic 16 22
Behget's disease 1 0
Birdshot chorioretinitis 0 3
Cytomegalovirus retinitis 0 1
Fuchs’ heterochromic cyclitis 0 1
Herpes zoster ophthalmicus 2 2
HLA-B27 associated uveitis 2 2
Juvenile idiopathic arthritis 1 3
Multiple sclerosis 1 1
Tuberculosis 1 1
Multifocal choroiditis 1 0
Punctate inner choroidopathy 1 0
Retinal vasculitis 2 0
Sarcoidosis 3 8
Toxoplasmosis 1 1
Phakic status

No cataract 12 17
Cataract 11 15
Pseudophakic 9 13
Anatomical subtype of uveitis

Anterior 3 5
Intermediate 15 16
Posterior 4 7
Panuveitis 10 17
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Measurement repeatability in uveitic eyes

The OCT vitreous intensity measurement showed high within-eye repeatability at all grades of
vitreous haze in the uveitic eyes (ICC > 0.79 at all grades). Table 14 shows the within-
participant eye reliability separated by NEI vitreous haze grade. Only one eye was tested per

participant.

Table 14. Within-participant eye ICC from the 3 repeated measurements in eyes with vitreous haze
of varying severity.

NEI vitreous haze Number of Within-participant eye ICC
grade eyes (95% CI)
0 32 0.83 (0.75-0.89)
0.5+ 25 0.90 (0.83-0.94)
1+ 13 0.89 (0.78 - 0.95)
2+ 4 0.79 (0.46 - 0.94)
3+ 3 0.93 (0.72-0.99)

Ability to discriminate between eyes with and without vitreous haze

There were 32 uveitic eyes with no vitreous haze (NEI vitreous haze grade 0) and 45 uveitic
eyes with vitreous haze (NEI vitreous haze grades 0.5 and above). Compared to the 41 healthy
eyes described in Section 6.1, both uveitis eyes with and without haze showed significantly

different OCT vitreous intensities (Table 15).
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Table 15. Mean OCT vitreous intensity score in eyes with and without vitreous haze. Individual
patient-eye data is provided in supplementary figure 1 of the Appendix.

Group Number of eves Mean OCT vitreous
y intensity (SD)

Healthy eyes 41 -25.0 (+1.77)

Uveitic eyes - quiescent 32 -24.2 (+1.46)*

(NEI vitreous haze grade 0) R

Uveitic eyes - active -

(NEI vitreous haze grade 0.5 and above) 45 -22.8 (+1.87)

Association with NEI vitreous haze grading

*p<0.05, **p<0.005 in the simple linear regression

In the uveitic eyes, the OCT vitreous haze measurement was significantly increased at NEI

vitreous haze grades 0, 0.5, 1, 2 and 3 compared to measurements obtained from healthy

controls (p < 0.005) (Table 16). Mean vitreous intensity (SD) for participants with grade 0 was -

24.2 (+1.46), for grade 0.5+ was -22.7 (+2.0), for grade 1+ was -22.7 (+0.7), for grade 2+ was -

22.7 (+0.7) and for grade 3+ was -22.5 (+1.3) (Figure 12).

Table 16. Mean difference of OCT vitreous intensity at NEI vitreous haze grades 0.5+ to 3+

compared to grade 0.

Mean difference above reference

NEI vitreous haze* Number of Eyes (95% Cl)
Healthy eyes 41 Reference

0 32 1.01 (0.42, 1.61)*

0.5 25 2.47 (1.83, 3.11)**

1 13 2.61(1.81, 3.42)**

4 2.52 (1.20, 3.85)**

3 2.28 (0.76 - 3.79)*

*p<0.05, **p<0.005 in the Wald Chi Squared Test
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Figure 12. Box and whisker plot showing median (IQR) of OCT vitreous intensity measurements in
each NEI vitreous haze grade. Individual patient-eye data is provided in supplementary figure 2 of the
Appendix.
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Effects of age, phakic status and AC cells on the OCT vitreous intensity measurement

In the multivariate analysis, the presence of cataract was shown to have a significant
association with increased OCT vitreous measurement (p = 0.03) when adjusting for NEI

vitreous haze grade (Table 17; Figure 13).
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Table 17. Effect of phakic status on OCT vitreous intensity (Only one eye for grades 2 and 3 where
cataract was present).

NEI vitreous haze grade Mean OCT vitreous intensity (SD)
Cataract not present Cataract present
0 -24.4 (1.44) -23.8 (1.48)
0.5 -23.2 (1.42) -22.1 (3.14)
1 -23.1 (2.13) -21.6 (1.33)
2 -23.0 (0.12) -21.7 (-)
3 -22.1 (1.63) -23.3 ()

Figure 13. OCT vitreous intensity in eyes with and without cataract.

Point size indicates severity of vitreous haze as assessed by NEI vitreous haze scale (smallest
= grade 0, largest = grade 3).
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No significant association was detected between the OCT vitreous measurement and patient

age (p = 0.05) or presence/absence of AC cells (p = 0.88).
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Table 18. Mean OCT Vitreous Intensity at difference AC cell Grades (SUN AC Cells Grading System).
Individual patient-eye data is provided in supplementary figure 3 of Appendix.

AC Cell Grade Number of Eyes Mean OCT vitreous intensity (SD)
0 49 -23.6 (1.65)
0.5 17 -23.1 (2.26)
1 2 -24.0 (1.09)
2 4 -23.9 (1.62)
3 3 -20.7 (0.75)
4 1 -21.0 (-)

Ability to predict VA and CMT

In the multivariate analysis where VA was modelled as the outcome, the OCT vitreous intensity
measure showed a significant association with VA (p = 0.04) (Figure 14), whereas no
association could be found with the NEI vitreous haze (p = 0.17, p = 0.70 and p = 0.07
respectively for grades 0.5+, 1+ and 2+ and above). A strongly significant association was found
between CMT and VA (p < 0.005). No association was found between phakic status and VA (p

= 0.65).

Table 19. Mean visual acuity in different NEI Vitreous Haze Grades

Mean LogMAR vision (

NEI Vitreous Haze Grade Number of Eyes nearest value, SD)
0 32 0.3(0.5)
0.5 25 0.4 (0.6)
1 13 0.4 (0.7)
2 4 0.3(0.3)
3 3 -0.5(0.5)
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Figure 14. Association between OCT vitreous intensity measurement with visual acuity (LogMAR).

Point size indicates severity of vitreous haze as assessed by NEI vitreous haze scale (smallest
= grade 0, largest = grade 3).
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In the multivariate analysis where CMT was modelled as the outcome, neither the OCT vitreous
intensity measure (p = 0.35) (Figure 15) or the NEI vitreous haze grades (p = 0.33 for grade
0.5+, p = 0.99 for grade 1+ and p = 0.04 for grade 2+ and above) were associated with CMT.

Presence of AC cells also did not show association with CMT (p = 0.14).
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Figure 15. Association between OCT vitreous intensity measurement with central macular
thickness.

Point size indicates severity of vitreous haze as assessed by NEI vitreous haze scale (smallest
= grade 0, largest = grade 3).
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6.2.4 Discussion

This study was the first prospective clinical evaluation of the OCT vitreous intensity
measurement in uveitis patients. Using the updated EQUIP system, we found the within subject
test-retest variability of the measurement to be comparable with healthy eyes (ICC >0.79 in all
grades of NEI vitreous haze compared to 0.79 in healthy eyes) and that the measurement was
significantly different between healthy eyes, uveitic eyes without vitreous haze and uveitic eyes
with vitreous haze. The OCT vitreous intensity also showed an association with NEI vitreous
haze grading, with measurements in each increasing NEI grade showing significant incremental

increase in OCT intensity. However, substantial overlaps in the OCT measurement were
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observed between NEI vitreous haze grades. These overlaps may be attributable to poor signal-
to-noise ratio from the OCT technique, but could also be attributable to the imprecision and poor
reliability of clinician-based grading using the NEI vitreous haze scale.

The presence of cataract can increase the OCT vitreous measurement. This fits with the
underlying principle of the OCT technique, which measures light scattering caused by vitreous
debris and exudates. It is therefore expected that the presence of other light scattering media
opacity such as cataracts can confound the measurement. Other anterior structures which may
cause light scatter include AC cells, but in this study the presence of these were not shown to
affect the OCT vitreous measurement. Age has also been associated with changes in the
vitreous compositions, but was also not shown to be associated with the measurement.(Sebag,
1987)

In the multivariate analysis, we were able to detect a significant association between the OCT
vitreous measurement and visual acuity, whereas none could be shown for NEI vitreous grading
and VA. This association was significant even after adjusting to other potential confounders of
reduced VA, including phakic status and CMT. This suggests the OCT vitreous measurement
may be a better predictor of visual function than the NEI clinical grading system and is in
keeping with the findings of Sreekantam et al, who reported a significant correlation between VA
and OCT Vit:RPE relative intensity ratio.(Sreekantam et al., 2017)

The OCT vitreous measurement did not demonstrate an association with CMT. This could be
explained in several ways: 1) there may be no consistent biological association between the
presence and severity of vitreous haze density and macular oedema, 2) whilst CMT and
vitreous inflammation can co-exist, macular oedema may develop following some time after
vitreous haze (or vice versa) and therefore the association cannot be detected cross-sectionally,
3) the resolution of vitreous haze may occur faster than CMT (or vice versa) and the window of

opportunity to detect both signs at their peak manifestation is relatively small. To understand the
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time course relationship between vitreous haze and macular oedema (or indeed any other
manifestation of inflammation), a longitudinal study with close timepoints during active flares is

needed.

Strengths and weaknesses of the study

The main strength of this study is that it is the first prospective evaluation of the OCT vitreous
measurement in a real-world setting. In comparison to previous retrospective studies, a number
of potentially confounding factors could be controlled for, such as ensuring the same uveitis
specialist was performing the ophthalmic examination in a standardised way and assessing all
vitreous haze grades as per the NEI vitreous haze scale. Additionally, the scan protocol was
predefined and based on prior evidence of the most reliable technique, instead of previous
retrospective studies which accepted routine care OCT scan protocols. The association
between Vit:RPE vitreous intensity (using OCTOR) and CMT and VA have previously been
explored by Sreekantam et al, however this study was also the first to consider its predictive
properties in the context of other potential confounders such as age, phakic status and AC cells.
There are also several limitations of this study which should be noted. First, the number of eyes
with significant vitreous inflammatory activity was small. As the study setting was a routine
follow-up uveitic clinic, where the majority of patients were being monitored for stable disease,
active uveitic inflammation was uncommon. Despite attempts to increase the proportion of eyes
with higher levels of vitreous haze by purposely sampling the inflamed eye in each patient, the
maijority of included eyes had vitreous haze grade 0 to 1+ and only 7 out of 77 eyes had grade
2+ and above. Second, only one experienced uveitis specialist performed the clinical
assessment, including assessing the NEI vitreous haze grade. This was because only one
uveitis specialist experienced in vitreous haze grading was available for the entire duration of

the study. Other clinicians were present, such as ophthalmology specialist trainees and clinical
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research fellows, but were not present for the full duration of the study and deemed insufficiently
experienced with the assessment to provide an accurate grade. Third, several relevant markers
of inflammation, such as AC flare, were not recorded or quantified in the OCTAVE study. These
were not included in the study protocol but would have provided a more complete clinical picture
of the inflammatory disease state.

This second part of the OCTAVE study found that the test measurement is highly reliable in
uveitic patients as well as in healthy eyes. It also provides evidence that the OCT vitreous
intensity measurement can differentiate between eyes with and without vitreous haze.
Moreover, an association could be observed between the OCT vitreous measurement and the
NEI vitreous haze grade. However, there is significant variability of OCT vitreous intensity
measurements within each NEI grade, which can be interpreted as poor signal:noise ratio of the
OCT measurement (i.e. measurement variability is caused by noise, which confounds the OCT
signal causing changes in the measurement unrelated to vitreous inflammation). Potential
causes of noise which can disrupt the OCT measurement include non-inflammatory features
such as tear film irregularities, inadequate pupillary dilation, cataracts; Or inflammatory causes
such as keratic precipitates, AC cells and flare, posterior sycheciae and vitreous cells. Or, it
could be due to poor reliability of the clinical grading system (i.e. differences in the OCT
measurement reflect true differences in inflammatory activity, but the NEI grading system is
unreliable and prone to misclassifications.) It is difficult to interpret these results in the absence
of a reliable reference test. Longitudinal studies which capture responsiveness of the OCT
measurement to changes in disease state, such as changing from a state of active to inactive
inflammation, would provide further supporting evidence of its clinical validity.

The second part of the OCTAVE study demonstrated similarly good within-eye reliability of the
OCT technique in uveitic eyes as healthy eyes. Comparison with the NEI vitreous haze grading,

despite its limitations, suggests the OCT technique is sensitive to increased vitreous haze.
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Moreover, it showed a stronger association with visual function (VA) than the NEI vitreous haze

grading system.
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Chapter 7: Conclusions

7.1 Summary of Thesis

Being able to measure inflammatory activity is crucial for managing therapeutic decisions in
uveitis, to reduce inflammatory activity and damage and to avoid sight loss. To do so requires
the availability of suitable tests, which can accurately and reliably detect inflammatory activity.
The current standard measures, which are based on clinician estimates from clinical
examination, are subjective, unreliable and insensitive to small changes in disease activity.
Their ability to inform changes in disease status is limited both in clinical care and as outcome
measures in therapeutic trials.

Instrument-based markers of disease activity carry several potential advantages, including
greater sensitivity, objectivity and the ability to automate the provision of key clinically useful
information, such as disease trajectory over time (such as the example for chorioretinal lesions
shown in Section 1.3). Instrument-based markers may therefore provide a more suitable
measure of disease activity than the current clinician-based methods.

The three systematic reviews conducted in Chapters 2 — 4 identified the current state-of-the-art
technologies with the potential to objectively quantify AC cells, AC flare and vitreous haze. In
the first review for AC cells, AS-OCT and the laser flare-cell photometer (LFP) were identified as
potential candidate instruments, with AS-OCT showing the strongest evidence for producing
measurements which were highly correlated with SUN AC grading (r = 0.06 - 0.97). The second
review for AC flare identified four potential technologies (AS-OCT, LFP, OFAM and the double
pass technique). The LFP was supported by the strongest evidence, demonstrating high
correlation with SUN grading (r = 0.86 - 0.87) and even higher correlation with aqueous protein
concentration sampled by aqueous paracentesis (r = 0.87 - 0.99). Three potential instruments

were identified in the third review for quantifying vitreous inflammation (ultrasound, OCT and
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retinal photography). Of these, OCT-based measurements showed moderate correlation with
NEI vitreous haze grading (r = 0.60), as did retinal photographic grading (r = 0.51).

Of the inflammatory markers explored in each review, vitreous haze is currently the clinical
measure in greatest need of an instrument-based equivalent, given its recognition as a key
marker of disease in posterior segment-involving uveitis. Through the OCTAVE study, | have
advanced the development of our OCT-based technique for quantifying vitreous intensity
(EQUIP) through prospective clinical validation. This study evaluated the technique both in the
healthy state and the disease state and explored the effects of ocular co-pathology such as
cataract and AC cells on the measurement. The OCTAVE study also explored the ability of the
measurement to predict visual function and central macular thickness.

In this conclusion chapter, | will use the evidence for EQUIP as an illustrative example of the
test development pathway for instrument-based measures in uveitis (Figure 16), evaluating its
progress against the stages of test development, and highlighting common principles which will

be applicable to the general field of test evaluation in uveitis.
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Figure 16. Pathway to validation of a new test, applied to the OCT vitreous measurement EQUIP

A pathway to validation of a new test was described in Section 1.5 (Evaluation of a new test).
This figure marks in this pathway, the steps which were completed by the OCTAVE study
(green tick) and those which remain partially completed (yellow arrow).
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was 0.79 (high reliability) and
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measurement to be comparable
with healthy eyes (ICC >0.79 in
all grades of NEI vitreous haze)

7.2 Challenges for the validation of tests in uveitis

The pathway to validation of a new test specifies the demonstration of three main qualities:
technical validity, clinical validity and clinical effectiveness. The findings from this thesis highlight
several barriers to validation which are common to all tests for measuring inflammatory activity

in uveitis, not just for vitreous inflammation.
Demonstrating clinical validity in the absence of a reference test

As demonstrated through the three systematic reviews on instruments-based tests for AC cells,

AC flare and vitreous haze. The lack of an appropriate reference test is the main challenge for

153



validating new tests for uveitis. If it were tolerated and ethical, the best reference test for
vitreous inflammation would be sampling of vitreous, such as through vitreous paracentesis and
quantification of inflammatory proteins and cytokines in the laboratory. As shown in Chapter 3,
aqueous paracentesis has been carried out in test evaluation studies for measuring AC flare
and has produced convincing evidence for the clinical validity of the laser flare photometer.
Obtaining samples of the vitreous is more difficult than for aqueous humour and taking small
samples is not typically performed for diagnosis, as it is for the aqueous. Instead, a pars plana
vitrectomy may be performed, such as for diagnosis of lymphoma, and carries with it significant
risks such as endophthalmitis, retinal tears and detachments, cataract progression and
hypotony.(Hwang, Yeh and Bergstrom, 2014; Mura and Barca, 2014) Other invasive tests, such
as vitreous fluorophotometry may provide physiological evidence of blood-retinal-barrier
breakdown, but are not available in most clinical settings and carry risks of adverse reaction to

the injected dye.(Raines, 1988)

Achieving sufficient spectrum of disease and sample size

Another major challenge in all of uveitis research, not just in test evaluation, is that uveitis is
both uncommon and heterogeneous; indeed, when broken down into its individual syndromes,
most of these are individually rare. These individual syndromes are generally grouped
anatomically (for example into posterior segment-involving uveitis), but this does make the
significant assumption that the test will perform similarly across all syndromes. Furthermore, the
episodic nature of many of these uveitis syndromes means that only a minority of patients may
be active in the duration of a study. For example, in the OCTAVE study there were only a small
number of patients with significant vitreous haze (NEI vitreous haze grades 1+ and above). This
means not only is the overall sample size typically small, but unless strict inclusion criteria are

applied, there is often a spectrum bias towards milder disease too. Conducting single centre
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studies of sufficient power is a challenge and large, expensive, multi-centre trials may be

required to enrol sufficient participants with active disease.

Demonstrating clinical effectiveness

Once the technical and clinical validity of a new test has been proven, there remains a need to
demonstrate clinical effectiveness. So far, neither our OCT-based vitreous measurement nor
any of the methods identified in the three systematic reviews have demonstrated the ability to
improve clinical outcomes. At this later stage of test evaluation, consideration needs to be given
as to how the test will be used in the clinical context. For example, the test may be used as a
diagnostic or a monitoring tool, in which case thresholds for positive disease diagnosis needs to
be determined for the former and appropriate monitoring intervals, as well as thresholds for
clinically meaningful change, for the latter. Tests for measuring inflammatory activity could be
used for diagnosis and monitoring, and this is the case for current measures of disease activity
(the NEI vitreous haze scale). The test could be used in a secondary care setting (hospital eye
clinics) or in the community and therefore the way results are presented and interpreted may
need to be adjusted. For example, in hospital the test may be used as one component of
assessment combined with a slit-lamp examination by an ophthalmologist, as opposed to in the
community where the test may be performed in isolation and a clinical decision is made on the

test alone.

7.3 Technical limitations of the OCT-based approach

There are several potential technical limitations to the EQUIP solution which may contribute to
the variability seen in the OCTAVE study, which are inherent to its design and may limit its

validity. These limitations are discussed separately to the OCTAVE study as they could not
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necessarily be improved by study design but may inform technical improvements for the OCT

image analysis technique going forward.

7.3.1 Limited volume of posterior vitreous sampled

Only a small part of the vitreous is sampled by the current scanning method. The theoretical
area sampled by 20° B scan is 5.9mm by 1.5mm (including an area of vitreous, the retina and of
the choroid). This represents only a small volume of the entire vitreous (estimated total volume
4.6-4.9ml)(Azhdam, Goldberg and Ugradar, 2020) and most of the anterior vitreous is
unaccounted for. The distribution of vitreous haze along the axial length of the eye is not well
understood, other than in certain uveitic entities (such as toxoplasmosis) which present with
patches of vitreous haze directly overlying areas of focal chorioretinitis(Foster and Vitale, 2002).
Focal patches of vitreous haze could be missed by the current EQUIP approach, which currently
focuses at the macula, in order to avoid distortion caused by refractive properties in non-central
areas and achieve the most focused image. Increasing the area/volume scanned in the axial
plane could be achieved by increasing the number of B scans in the volume. Other potential
methods of increasing the area captured could involve utilising widefield imaging (using the 55
degree lens as opposed to the 30 degree lens) or capturing multiple volume scans in different
directions of gaze to access more peripheral areas, such the approach described by Barry et
al.(Barry et al., 2016) However, these solutions do not improve the volume capture in the axial
direction. The depth of OCT B scans on the SPECTRALIS OCT device is fixed and it is currently
not possible to increase this. Improving the depth of vitreous captured is likely going to require

exploration using alternative devices.
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7.3.2 The effects of anterior structures on the OCT signal

In the same way that anterior vitreous is not captured by the current method, neither are other
anterior segment ocular structures, which may disrupt the OCT signal and confound the
measurement but without being recognised as such. For example, media opacity such as
cataracts are known to have a light scattering effect on OCT and causes degradation of the
image quality.(van Velthoven et al., 2006; Kok et al., 2013) The effects have even been
documented to vary depending on the type of cataract, with posterior cortical cataracts being
associated with worse quality scans than nuclear sclerotic.(van Velthoven et al., 2007) Similar
effects are likely caused by other anterior segment opacifications along the scan axis, such as
keratic precipitates, AC cells, AC flare, posterior synechiae, vitreous cells and vitreous floaters.
The current measurement acquired from the EQUIP technique assumes that all signal
degradation is caused by vitreous opacity and cannot adjust for the impact of anterior

structures.

7.3.3 Confounding effects of retinal co-pathology

The current EQUIP analysis method considers the vitreous intensity as a proportion of the
intensity from the entire B scan. This means changes in reflectivity caused by the retina and
choroid can affect the overall vitreous OCT intensity measure (see Section 5.2.3) for how the
measurement is calculated). The measurement may therefore be affected by retinal co-
pathology which may be inflammatory (such as CMO, chorioretinal infiltrates, choroidal
neovascular lesions) or non-inflammatory (such as epiretinal membrane and drusen). The
degree of change in signal caused by such co-pathology would require further investigation, but
may be difficult to determine, particularly with inflammatory co-pathology which would likely

impact on both the vitreous intensity and the overall B scan intensity.
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7.4 Future work on the OCT vitreous intensity measure

This section describes planned future work which aims to improve those parts of the validation
pathway which are currently ‘partially validated’ (Figure 17).

Figure 17. Planned future work for the OCT vitreous haze technique set in the context of the test
validation pathway.

Each box refers to the subchapter heading for future work.
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7.4.1 Longitudinal study on test variability of the OCT vitreous intensity
measure in stable disease

The first part of the OCTAVE study tested technical and biological variability of the OCT vitreous
intensity measurement in the same visit but did not establish biological variability at different
time points in the same day or on different days. This is an important future investigation to be
done in healthy eyes and in stable uveitic eyes. First the day-to-day biological variability should

be established, to help interpret a subsequent study in stable uveitic eyes. It is important that
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future work is investigated in this order, as variations in the uveitic eyes will need to be
interpreted with the assumption that the variability is not due to true fluctuations in inflammatory
activity. For both healthy and uveitic eyes, an ideal longitudinal investigation will consist of 1) a
frequent series of tests (such as twice daily) over a short period of time (several weeks), and 2)
an evaluation of measurement stability over time in patients with presumed quiescent disease.
This investigation in healthy eyes will be helpful for understanding the expected variability of the
measurement over time in the absence of inflammation. The investigation in uveitic eyes will
inform expected baseline variability in quiescent disease, or it may reveal low level fluctuations

in clinically quiescent disease and allow detection of subclinical inflammatory activity.

7.4.2 Longitudinal study on treatment effect

As discussed throughout this thesis, one of the biggest challenges to test evaluation in uveitis is
the lack of a suitable reference test. To demonstrate clinical validity of a new test, it is
inadequate to simply compare the new measure with other measures. Being able to show the
ability of an instrument to detect a change in disease status would provide additional evidence
that the test has clinical validity.

Future work should include longitudinal studies which evaluate whether the OCT vitreous haze
measurement is sensitive to a change in disease state. The ideal study design would be to
prospectively measure OCT vitreous intensity before and after treatment, with the outcome
being significance of change detectable by the OCT vitreous intensity measure compared to the
NEI vitreous haze scale. One potential approach to do this is to nest a silent test evaluation
study within a therapeutic trial. For example, in the case of EQUIP, most clinical trials in uveitis
already collect the necessary outcomes at each visit: OCT macula scans, clinician-based
measures of inflammatory activity (including NEI vitreous haze scale, AC cells/flare,

presence/absence of new inflammatory chorioretinal lesions and other markers of improving or
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worsening disease). The addition of an observational analysis which would support the clinical
validation of a new test or biomarker would be relatively easy to do, without negatively impacting
upon the trial conduct. This study can also be done retrospectively on existing clinical trial data,

providing the tests under evaluation were conducted in a standardised way.

7.4.3 Applying the principles to a swept-source anterior segment OCT

device

One of the major limitations to the current approach is that it only considers the posterior part of
the vitreous. The current sampled area includes only a small volume of vitreous directly anterior
to the macula. This means any changes in the anterior vitreous, which may disrupt the OCT
signal, is not captured and cannot be adjusted for. If such changes were captured, the impact of
such changes on the vitreous intensity measurement could be quantified and adjusted for.

In October 2018, a new swept-source anterior segment OCT device was released - Anterion
(Heidelberg Engineering, Heidelberg, Germany). This OCT device has an additional feature
which produces measurements of a continuous A scan through the entire axial length of the eye
(OCT B scans are constructed by multiple adjacent A scans). This feature was intended for axial
length measurement, by measuring the distance of the A scan peak signal from the corneal
surface (front of eye) to the retina, for planning of cataract surgery. However, we are now
exploring whether the use of this single A scan can be repurposed for measuring the reflectivity
signal from the front to back of the eye, including the axial length of the vitreous and structures
anterior to it. Using this function, it could be possible to quantify the OCT signal intensity
degradation anterior to the vitreous, correct for this, and produce a signal intensity measure
which more accurately reflects the vitreous. From early 2019, we began to add the Anterion as

an additional investigation and images for 43 patients with uveitis have been acquired to date.
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However, extraction of the raw A scan data from the Anterion device has been a technical
barrier to analysing these images so far. We have been working with Heidelberg Engineering
team to develop new software which would allow us to extract the raw OCT data needed from

the device and refine the imaging technique.

7.5 Concluding remarks on test evaluation in uveitis

7.5.1 Challenges to deployment of tests in uveitis

Providing the technical and clinical validity of a new test has been proven, there remains a
number of key considerations around test deployment. In Section 1.5.2 (Choosing a suitable
test), these were summarised under the heading ‘practicality’, which could be expanded into

usability, acceptability and cost (Table 20).

Table 20. Practicality Attributes of a Clinical Test

Is the test safe and easy to conduct?
Usability Is the test easy to interpret?
Can the test results assist decision making?

Is the test acceptable to the users (including

Acceptability operator, patient and clinician)?

Is the cost of the test justified?

Cost effectiveness Is the cost of the test sustainable?

A good example of where clinical validity of a test has been proven, but it has fallen short in
deployment is the laser flare photometer. As discussed in Chapter 3, despite a large body of
evidence demonstrating its clinical validity, the laser-flare photometer is not commonly used in

the uveitis clinic. The reasons for this is unclear from the published literature, but our experience
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(and that of many other uveitis experts anecdotally) is the impractical nature and time-costliness
to acquire measurements (the requirement of a dark room, needing to capture 7 measurements
and manually discarding outliers) makes the device practically difficult to implement in the real
world. Additionally, the laser flare photometer only measures one component of inflammation,
whereas instruments like OCT can be repurposed for different disease measures. OCT is
already routinely performed for disease monitoring in uveitis, as well as most other retinal
diseases, therefore its usability, acceptability and cost effectiveness are already established by

standard of care.

Creating new clinical pathways and early detection through disease monitoring

Another advantage of automated disease quantification using imaging is the potential for testing
in community and remote settings. In the modern healthcare system, the frequency of disease
monitoring can be defined less by what is optimal for the patient, and more by resource
limitations (numbers of specialists, availability of clinic space). This has been amplified since the
COVID-19 pandemic which has significantly reduced the capacity of clinics in hospital settings.
Automated disease monitoring using imaging could theoretically be delivered by an imaging
technician alone. This opens up the possibility of community-based monitoring which could be
carried out more regularly, in a way that is more accessible and convenient to the patient.
Given that this new monitoring regime is a possibility, it is necessary to consider what an
appropriate monitoring regime looks like. The interval between monitoring visits should ideally
be short enough that clinically significant changes in disease state (i.e. activity at or above the
level where damage may occur) wouldn’t be missed, yet long enough to be practical and
acceptable for the patient. Longitudinal studies on test variability over time, as proposed in
Section 7.4, will provide some of the necessary evidence to inform what an appropriate

monitoring interval may be. Ultimately, change in disease activity (from an inactive to clinically
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significant active state) may be too rapid to be detected. For example, if real changes in disease
activity develop in a matter of days, it would not be practical for patients to attend OCT scans
every few days for routine monitoring. In this case, the value of routine monitoring may only be
for detecting signs of activity/damage in between visits which may inform clinical judgement
around treatment effectiveness or whether maintenance treatment is required. The detection of
acute activity is therefore limited to ‘as needed’ consultations and is reliant upon patient
detection. Until a solution for home monitoring becomes available, early detection of uveitis

flares may simply not be possible.

7.5.2 Next phase of test validation

Although the evidence supporting instrument-based measures of uveitis inflammation identified
and generated throughout this thesis covers only part of the pathway to validation, it is worth
noting that this body of literature is both comparatively larger and offers more promising
evidence of validity than the few published studies evaluating clinician-based assessment. The
alternative solution to outdated systems like the NEI vitreous haze grading scale need not be
perfect to bring about improvement to clinical care, but just needs to be better than the current
methods.

A major challenge in this field has been the lack of an appropriate gold standard reference test,
with which new tests can be benchmarked against and proven to be valid. Instead, we will need
to rely upon a combination of association with other signs of inflammation, clinically important
outcomes (visual function or patient reported outcomes) and critically, its sensitivity to change in
disease state. To overcome the additional challenges in the context of uveitis (the relative rarity
of disease subtypes, particularly posterior-segment involving uveitis, the heterogeneity between

and within uveitic entities and the poorly understood relationships between disease activity,
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disease damage and clinically significant changes in function), longitudinal data in large cohorts
of uveitic patients will be required to achieve sufficient power in these observations. This will
require a concerted effort in future uveitis therapeutic trials, to begin prospective collection of

observational data using the most promising instrument-based techniques.
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Appendix

Supplementary Figures

Supplementary Figure 1. Individual participant OCT vitreous intensity score eyes with
and without vitreous haze
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Supplementary Figure 2. Individual participant OCT vitreous intensity score eyes with
and without vitreous haze
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Supplementary Figure 3. Individual participant OCT vitreous intensity score grouped by
AC cell grade
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SCIENTIFIC REPLIRTS

Optimizing OCT acquisition
parameters for assessments of
‘vitreous haze for application in
e Uveitis
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Detection and evaluation of inflammatory activity in uveitis is essential to the management of the
condition, and yet continues to be largely dependent on subjective clinical measures. Optical coherence
tomography (OCT) measurement of vitreous activity is an alternative to clinical vitreous haze scoring
and has passed a number of early validation studies. In this study we aimed to evaluate the impact

of ‘operator factors’ on the variability of the technique as part of the validation process, and to help
evaluate its suitability for ‘real world’ use. Vitreous haze index was calculated as a ratio between the
reflectivity of the vitreous and of the outer retina in each scan. Different scanning conditions were
tested and their effect on the measurement is reported. Our results show that the ‘quantitative imaging’
technique of OCT-measured vitreous activity had good reliability in normal subjects under a range of
‘real world’ conditions, such as when the operator changes the averaging value. The technique was
however vulnerable to highly inaccurate focussing or abnormal downward displacement of the image.
OCT-based quantification of vitreous activity is a promising alternative to current subjective clinical
estimates, with sufficient ‘tolerance’ to be used in routine clinical practice as well as clinical trials.

Upveitis is a group of diseases characterized by intraocular inflammation which collectively are a major cause of
blindness worldwide!. One core objective in diagnosis and treatment is the correct identification and meas-
urement of inflammatory activity>®. This assessment has major impact both on routine clinical practice and on
endpoint definition in clinical trials. Traditionally, the National Eye Institute (NEI) system for grading of vitreous
haze has been the major disease activity endpoint for trials in posterior segment-involving uveitis, acknowledged
by the United States Food and Drug Administration (FDA) and European Medicines Agency (EMA)”®. However,
the NEI system suffers from being (1) subjective, (2) noncontinuous, (3) poorly discriminatory at lower levels
of inflammation, and (4) poorly sensitive in a clinical trial context>®®. A novel, automated method for the quan-
tification of vitreous haze using optical coherence tomography (OCT) imaging was recently introduced' thus
providing objective measurement of vitreous inflammation. The method was based on a previously published
study'!, using a semi - automated implementation to correlate clinical vitreous haze scores in patients with uveitis
and in healthy volunteers. The fully automated method was introduced to avoid the manual segmentation of OCT
image sets by graders, a subjective and time-consuming step in the measuring process.

The new technique overcomes many of the well-known limitations of the NEI clinical score, and appears to be
amajor step forward in the drive towards sensitive objective endpoints for use in uveitis trials and to direct treat-
ment decisions in routine clinical practice!?. As part of its further validation it is important to determine what the
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Vertical position of retina within

the scan ART Level Focus
Middle 100 In focus
Middle 50 In focus
Middle 25 In focus
Middle 12 In focus
Middle 6 In focus
Middle 100 +5
Middle 100 +10
Middle 100 —5
Middle 100 —10
Bottom 100 In focus

Table 1. Scanning protocol. Different setting combinations used during acquisition. Each scan with a specific
setting has been repeated three times. ART = Automated Real Time.

potential limitations of this technique in the ‘real world’ - essentially what are the circumstances under which it
would no longer be reliable. In general terms these can be considered as either ‘operator factors’ (dependent on
how the technique is done) or ‘patient factors’ (intrinsic to the patient and their eye(s)).

In this report, we present a detailed analysis of the impact of ‘operator factors’ on the variability of the tech-
nique, with particular focus on the factors that can significantly affect the measure in healthy subjects where no
inflammation is present. The experimental protocol was designed to test different scanning conditions using the
Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany). The analysis is aimed at the identification of the
optimal acquisition settings that minimise the test-retest variability and changes in the measured value.

Methods

Scanning protocol. Fifteen volunteers with a refractive error within + 5 and —5 dioptres (D) were recruited.
All subjects underwent a complete ophthalmic examination by an experienced clinician (AD) to confirm the
absence of any pathologies. This protocol was approved from the NRES East Midlands Ethics Committee (Ref:
14/EM/1163). Written informed consent was gathered from all subjects. This protocol adhered to the tenets of
the declaration of Helsinki.

Macular OCT scans centred on the foveal pit and spanning 20 degrees horizontally were acquired from the
right eye of each subject using a spectral domain OCT device (Spectralis SD - OCT, Heidelberg Engineering,
Heidelberg, Germany) with a 30-degree lens. An experienced operator used 10 different acquisition settings, each
repeated 3 times, to acquire 30 raster scans (7 sections per scan) from each subject. Five Automated Real Time
(ART) levels and five focus levels of the retina in the infrared (IR) fundus image were used in the acquisition pro-
tocol, as shown in Table 1. The ART level indicates the number of images that are averaged to produce the image
of a single section. The positioning of the retina was set to the middle of the scan. This choice was forced by the
final application of the proposed methodology, aimed at the measurement of the vitreous haze in patients with
uveitis where macular oedema can be present. In fact, the presence of oedema forces the positioning to the middle
of the scan in order to capture whole thickness of the swollen retina. As an additional comparison, one acquisition
setting included the bottom positioning, ART 100 and in focus.

Table 1 reports the different settings of the acquisition protocol in detail.

Image analysis. To calculate the Vitreous/RPE-relative intensity (VRI), each image was analysed with the
VITreous ANalysis (VITAN) software'’, implemented in MATLAB (The MathWorks, Natick, MA, USA). Briefly,
for each scan a morphological opening to segment the retina and RPE within the image was performed. Then, a
vitreous patch was automatically generated based on this segmentation, excluding any retinal tissue (Fig. 1). The
mean intensity of the vitreous patch and of the segmented RPE was measured and the ratio was calculated. The
RPE intensity was used as a normalisation term, compensating for global reduction in the signal strength arising
from diffused media opacities. The VITAN software then exported the VRI ratio, the vitreous mean intensity and
the RPE mean intensity to a spreadsheet for analysis.

Statistical analysis. Linear mixed models were used to assess the effect of different settings on the VRI. ART
level and focus were analysed separately, with the ratio as the response variable. Observations consisted of the ratio
calculated from each image of the scan. Clustering of sections within the same raster scan and of different repetitions
within the same subject was addressed using nested random effects'. Due to the discrete nature of the settings, ART
level and focus were used as factors rather than continuous variables. The same analysis was used to analyse separately
the Vitreous and RPE intensities to calculate the effect of different acquisition parameters on these two values.

A similar approach was employed for the analyses of the variability of the measured ratio at three different
levels: within the same raster scan, within subjects (intra-subject) and across subjects (inter-subjects). In this
approach, the residuals of the measurement represented the observations. At each level, residuals were calculated
as the difference (1) between each measurement and the mean of the seven sections in the raster scan, (2) between
each mean of the raster scan and the mean of the three-repeated acquisitions and (3) between the mean of the
acquisitions in the single subject and the mean of acquisitions across all subjects. Then, the squared residuals
were used to model the variability of the measure at each level (within the raster scan, within subjects and across
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Figure 1. VITAN procedure. (A) Example original image. (B) Binary image of OCT scan automatically
segmented to highlight retinal/RPE layers and cropped to isolate central areas. (C) Final automated area of
capture overlaid onto original image for user approval.

Global Within scan | Intra - subject | Inter - subject
ART | meanratio | variability variability variability
6 0.043 0.010 0.006 0.008
12 0.043 0.009 0.007 0.010
25 0.043 0.010 0.007 0.007
50 0.039 0.010 0.007 0.012
100 0.048 0.011 0.007 0.016*

Table 2. Effect of ART on the VRI. *P < 0.05; **P < 0.01. Second column reports the estimated mean ratio
value for different ART settings. No significant difference could be detected. Variability with different settings

is reported as the square root of the estimate from the squared residuals model. The asterisk indicates the only
significant difference (p < 0.05) that could be detected in pairwise comparisons between different settings (ART
100 showed and increased variability compared to the ART 6 and ART 25). ART = Automated Real Time.

subjects) while changing the value of the parameter of interest (ART level or focus). Assuming normality of the
residuals, the squared residuals follow a chi-squared distribution, which is a special case of the Gamma distribu-
tion. Therefore, generalized linear models with a Gamma distributed error and a logarithmic link function were
used to model the effect of the different settings on squared residuals. The variability was reported as the square
root of the estimate obtained from the model of squared residuals.

When a significant effect was detected, pairwise comparisons were performed between different settings and
a multiple test correction with the Tukey method was applied.

When failure of the VITAN algorithm could not provide the measurement from at least 3 of the 7 scans or from
at least 2 of the 3 repetitions, the raster scan or the repetition was discarded from the analysis for the variability.

All analyses were performed in R (R Foundation for Statistical Computing, Vienna, Austria) and MATLAB.

Data availability statement. The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Results

Twenty-one scans with the 410D and 7 with 45D settings could not be obtained due to difficulties in the acqui-
sition. The VITAN algorithm failed to obtain the measurement in 46 out of 1575 theoretical scans from those with
different ART level (3% failure rate) and in 504 out of 1575 with different focus (32% failure rate).

Effect of ART level onVRI value. Inour set of images, the ART level had minimal non-significant effect on
the VRI value (overall p - value =0.08, values are reported in Table 2), with slightly higher values with ART 100.

Effect of ART level on VRI variability. Modelling the squared residuals according to different ART
levels revealed no significant effects on the variability of different sections within each raster scan (over-
all p-value = 0.308) and within different raster scans on the same subject (intra-subject variability, overall
p-value =0.869). A moderate effect could be found on the variability across subjects (inter-subject variability,
overall p-value =0.005). In pairwise comparisons, the ART 100 yielded higher variability compared to ART 6
(p=0.032, 3.99-fold increase) and ART 25 (p=0.004, 5.41-fold increase). Estimates from the model for variabil-
ity are reported in Table 2. Figure 2 shows a graphical depiction of these results with a box plot graph.
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ART effect on Vitreous/RPE ratio
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Figure 2. Effect of different ART settings on the VRI ratio. The box plot shows how different ART settings affect
the mean VRI value and its variability. The ratio value did not show important variations, with slightly higher
and more variable values with ART 100 (Refer to Table 2). The boxes extend from the 25t to the 75%. Qutliers
(black dots) are points more distant than. The whiskers extend 1.5 times the interquartile range from the box
limits. Points exceeding this limits are flagged as outliers (black dots). ART = Automated Real Time.

—-10D 0.162%* 0.019%* 0.015%* 0.036
—5D 0.088%* 0.013 0.012% 0.029
Infocus | 0.048 0.011 0.007 0.023
+5D 0.192%* 0.032%* 0.0227%* 0.040%
+10D 0.200%* 0.027%* 0.033%* 0.036

Table 3. Effect of focus on the VRI. *P < 0.05; **P < 0.01. The second column reports the estimated mean
ratio value for different focus settings. All p - values have been calculated comparing each other level to the “In
focus” condition (in bold). Variability with different settings is reported as the square root of the estimate from
the squared residuals model. The asterisks indicate significant differences according to the legend at the bottom
of the table.

Effect of Focus onVRI value. In contrast with the analysis of the ART level, the analysis of the focus showed
that this parameter had a major effect on the VRI (overall p-value < 0.001). All acquisition out of focus (referred
to the retinal IR image) increased the VRI significantly (Minimum difference +Standard Error: 0.039 & 0.008;
p <0.001), with larger increase using positive offsets (0.14 £ 0.008 increase for +5D and 0.15 £ 0.01 for + 10 D).
Results are reported in Table 3.

Effect of Focus on VRI variability. As shown in Fig. 3, Focus significantly affected variability at all lev-
els (within scans, within subjects and across subjects). All settings that deviated from the optimal retinal focus
caused a significant increase in within scan variability (all p < 0.001) except for the —5D condition (p=0.08). A
significant increase in the within subject variability was observed in any focus offsets (all p < 0.018), while only
the +5D caused a significant increase in variability across subjects (p =0.038). Among all settings, positive offsets
caused the largest increase in variability compared to the in focus condition. Values are reported in Table 3.

Effect of vertical positioning on the VRI. When compared to standard (middle) positioning within
the z-plane, relatively inferior positioning of the retinal image within the acquisition frame also significantly
increased the VRI value (Estimated difference & Standard Error: 0.1144-0.007; p < 0.001) and the variability at
all levels (all p-values < 0.01).

Differential contribution of Vitreous and RPE intensity on the VRI.  The individual variation of
the two measured components of the ratio (Vitreous intensity and the RPE intensity) is reported in Table 4 for
the acquisition parameters that significantly affected the measurement (i.e. focus and positioning). Variation is
reported with the absolute difference and the percentage relative to the reference levels of each setting: ‘in focus’
for the focus and ‘middle’ for the positioning. For different settings of the focus, the major contribution to the
variation in the ratio was due to changes in the vitreous intensity, particularly for positive offsets. Conversely, the
increase in vitreous intensity observed with the bottom positioning was caused by both the increase of Vitreous
intensity (the numerator of the ratio) and the reduction of RPE intensity (the denominator). Independently of
their magnitude, all variations were statistically significant (p < 0.05).
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Focus effect on Vitreous/RPE ratio
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Figure 3. Effect of different focus settings on the VRI. The box plot shows how different focusing condition
increase the mean VRI value and its variability compared to scans focused on the retina (denoted as 0 in the
graph). The boxes extend from the 25% to the 75%. Outliers (black dots) are points more distant than. The
whiskers extend 1.5 times the interquartile range from the box limits. Points exceeding this limits are flagged as

outliers (black dots).
—10D |0.12 239.78 23.948 262.79 16.91 9.22
—5D 0.04 82.56 8.955 98.27 21.51 11.72
Focus
5D 0.14 297.45 27.677 303.71 6.16 3.36
10D 0.15 315.49 31.065 340.89 14.26 7.77
Position | Bottom | 0.11 70.30 19.051 67.64 —14.27 —8.43

Table 4. Different contributions to the VRI. The table reports the differences in VRI ratio values (column 3),
vitreous intensity (column 5) and RPE intensity (column 7) compared to their respective reference levels (the
“In focus” condition for focus and the “Middle” location for position). Columns 4, 6 and 8 report the same
changes as percentage increase (or decrease if negative) from the reference level.

Discussion

Our previous work showed that the measurement of the VRI from OCT scans is correlated with the clinical score
for vitreous haze in uveitis patients'"* and that it could be partially automated'® and that it was highly sensitive
to detecting treatment responses'®. However, in order to assess whether the VRI can be used in routine clinical
practice to detect pathological vitreous haze, it is crucial to study how this measurement can vary using different
acquisition settings. This report investigates the extent to which ‘operator factors’ such as the effect of image
averaging (ART level), defocussing and retinal positioning might impact the reliability of the technique. This is
particularly important when considering a technique that is intended for use in everyday clinics and not just in
the more controlled environment of a clinical trial.

The ART level is used to improve the quality of the images via averaging by increasing signal to noise ratio'.
The analysis showed a mild, non-significant effect of image averaging (p =0.078) on the ratio measurement
(Table 2), with slightly higher values obtained using ART 100. The maximum difference obtained between esti-
mated values was 0.0093. Such a difference is well below the observed increase with vitritis, reported in our
previous retrospective analysis (difference in medians, Vitritis - Healthy group = 0.0733)'!. ART 100 showed
a higher inter-subject variability (overall p-value = 0.005), but only pairwise comparisons with the ART 6 and
ART 25 were significant. No significant effect could be detected for the within-scan and intra-subject variability.
These results are compatible with the fact that image averaging should make the vitreous intensity converge
toward a mean value, with no major impact on the ratio value. However, averaging can occasionally smooth
out sharp features!” and change the textural properties of the vitreous. This effect could have an impact on the
analysis of images from patients with uveitis by reducing the discriminability between diffuse haze and residual,
small clumps of the vitreous in the absence of an active inflammatory processes. From a clinical perspective, it is
important to notice that no significant differences could be detected across scans with lower ART values. In the
clinical evaluation of macular oedema, a raster scan with the default ART (9) is acquired as a trade-off between
image quality and acquisition speed. Results show that VRI can be safely calculated without changing the stand-
ard acquisition setting in clinical routine. This result could allow a retrospective application of the measurement,
even in sets of OCT images that have not been acquired for this specific purpose.

Changes in the focus had a high impact on the VRI. Different OCT imaging of the vitreous can be obtained
with different focusing!®!?. Although vitreous details can be better imaged with anterior focusing (positive
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offsets), a more accurate resolution of vitreous structures can falsely increase the VRI and fail to highlight the
diffuse haze due to inflammation. This was well reflected by the increase in vitreous intensity observed when
changing the focus and was more prominent when using positive offsets (Table 4). Measurement variability was
also greatly affected by the focus and particularly by positive offsets. Increased variability across different sec-
tions of the same scan (within scan variability) can be explained by the presence of vitreous structures, varying
in density as the scan location moves from the inferior to the superior part of the macular cube. This could have
also been the cause of the overall greater variability in the ratio value on scan repetitions (possibly due to slight
shifts in the location of the acquisition pattern each time) and in the inter-subject variability where only the +-5D
offset was significantly different (possibly due to a better focusing on the vitreous and thus more affected by inter
individual changes in the vitreous structure). Increased variability and vitreous values resulting from posterior
focusing might be related to an increase in noise and a relative decrease in the signal to noise ratio, with a worse
resolution of the RPE and of the vitreous signal.

Finally, the position of the retinal section within the scan also affected the ratio significantly, increasing the
ratio value and the variability of the measure when displaced to the bottom. This change with the bottom posi-
tioning might constitute a limitation when imaging patients with important macular oedema, as the RPE is force-
fully moved downward in the scan to accommodate the entire retinal thickness in the scan. As shown in Table 4,
this increase might be due to the combined effect in the reduction of the RPE intensity with the bottom dis-
placement (possibly a consequence of the known fading effect at the edges of the acquisition window) and to the
increase of the vitreous intensity (due to an increase in the noise in the analysed vitreous patch).

This study forms part of the ongoing validation process for a ‘quantitative imaging’ approach to vitreous haze
using OCT. We recognise that one of the limitations of this study is that it did not deal with all possible reliability
factors but deliberately focused on ‘operator factors’ rather than ‘patient factors. ‘Patient factors include the effect
of media opacities and ocular surface issues. Media opacities and tear film inhomogeneity are known factors
affecting the quality and the signal to noise ratio in OCT scans'®*, and might falsely increase the measured vitre-
ous haze. An in-depth analysis of these aspects will be possible with a large cohort of normal subjects with a wide
age range. Given its focus on ‘operator factors’ this study was undertaken on healthy controls, and so, unlike most
of our previous studies, did not allow a discrimination analysis to investigate the ability of detecting vitritis in
uveitis patients. Further investigation of variability and discriminative power of the method will be undertaken as
part of a major validation study (OCTAVE) which will also evaluate the impact of increasing the volume sampled
through alternative OCT acquisition protocols (eg wide-angle OCT and extra-macular OCT). Lastly, most OCT
devices present Gamma-transformed images to increase the contrast of the retinal layers. However, this might
not be the optimal condition for vitreous analysis. Measurements obtained from raw, unprocessed data might be
more suitable in order to precisely quantify the signal intensity.

In conclusion, this study in healthy subjects suggests that the OCT-based VRI ratio is reasonably tolerant of
‘operator factors’ and would remain reliable if transferred from a clinical trial setting to the ‘real world’ Additional
validation studies are ongoing to evaluate the impact of ‘patient factors’ on reliability, and to assess repeatability
and discrimination in a prospective cohort of patients with uveitis as part of the OCTAVE study.
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Introduction

Optical coherence tomography (OCT) allows for
the acquisition of cross-section pictures of the retina

Purpose: To describe and evaluate a free, online tool for automatically segmenting
optical coherence tomography (OCT) images from different devices and computing
summary measures such as retinal thickness.

Methods: Relayer (https://relayer.online) is an online platform to which OCT scan
images can be uploaded and analyzed. Results can be downloaded as plaintext (.csv)
files. The segmentation method includes a novel, one-dimensional active contour
model, designed to locate the inner limiting membrane, inner/outer segment, and
retinal pigment epithelium. The method, designed for B-scans from Heidelberg
Engineering Spectralis, was adapted for Topcon 3D OCT-2000 and OptoVue AngioVue.
The method was applied to scans from healthy and pathological eyes, and was
validated against segmentation by the manufacturers, the IOWA Reference
Algorithms, and manual segmentation.

Results: Segmentation of a B-scan took <1 second. In healthy eyes, mean difference
in retinal thickness from RelLayer and the reference standard was below the resolution
of the Spectralis and 3D OCT-2000, and slightly above the resolution of the AngioVue.
In pathological eyes, ReLayer performed similarly to IOWA (P = 0.97) and better than
Spectralis (P < 0.001).

Conclusions: A free online platform (RelLayer) is capable of segmenting OCT scans
with similar speed, accuracy, and reliability as the other tested algorithms, but offers
greater accessibility. ReLayer could represent a valuable tool for researchers requiring
the full segmentation, often not made available by commercial software.

Translational Relevance: A free online platform (RelLayer) provides free, accessible
segmentation of OCT images: data often not available via existing commercial
software.

(Fig. 1la). Since its invention, OCT images have
rapidly become an established medical tool, support-
ing clinicians’ diagnosis/decisions, and a fundamental
resource in scientific research.' The key information
provided by these pictures, also called b-scans, is the
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Figure 1.

(a) A B-scan image from the test data set as exported from the Heidelberg Engineering Spectralis. (b) The same image scan

with the manufacturer’'s segmentation of 11 layers obtained with the proprietary Heyex software and shown superimposed.

measurement of the thickness of retinal layers that is
essential for detecting, monitoring, and guiding
treatment for many eye conditions, including glauco-
ma, diabetic retinopathy, macular edema, age-related
macular degeneration, macular hole, macular pucker,
central serous retinopathy, and vitreous traction.”
Currently, measurements can only be obtained using
proprietary software and are not available for export
or manipulation (Fig. 1b). This presents a limitation,
particularly in scientific research, as the availability of
this information is essential for the understanding of
structural changes of the retina in eye-related
pathologies.

To address this problem, segmentation algorithms
for the layers in OCT images have been published® '*
and some of these have been made freely available as
software/code: for example, the IOWA Reference
Algorithms v3.8.07 software, the Graph-Based Seg-
mentation,® and the Retina Segmentation Toolbox.”
However, open segmentation remains inaccessible to
most clinicians and researchers due to lack of time,
skills, and resources to run, compile, or replicate
published algorithms/code.

ReLayer (https://relayer.online) is a free, online
platform designed to provide a solution to the
accessibility problem and to produce measurements
that are as accurate as those from the proprietary
software. This is achieved by introducing a novel,

cross platform, segmentation algorithm that is acces-
sible via web browsers. The platform can be used
simply by drag-and-dropping image files onto the
web-interface (Fig. 2). The analysis is run on Matlab
R2016a software (MathWorks, Natick, MA) installed
on the server. Results are visualized graphically and
are made available for download in comma-separat-
ed-value (.csv) format. ReLayer provides the segmen-
tation of inner limiting membrane (ILM), retinal
pigment epithelium (RPE), and inner segment/outer
segment (ISOS) layers. The retinal thickness, calcu-
lated as the distance from ILM to the interface
between the Bruch’s membrane (BM) and RPE, is
computed and visualized on the platform. Here we
evaluate the performance of this prototype system,
and compare speed, accuracy, and reliability against
other available methods, in scans from different
acquisition devices and in scans from patients and
healthy volunteers.

Materials and Methods

Algorithm

The algorithm was designed to segment retinal
layers from 6-mm-wide macular B-scans acquired
with Heidelberg Engineering (Heidelberg, Germany)
Spectralis and exported as .tiff image files, the default
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Figure 2. The web interface of Relayer: (a) the main page showing the area dedicated to the drag-and-drop of the scans or the
alternative browsing option and the button to launch the analysis. (b) The visualization of the results including the segmentation
superimposed on the scans and the interactive, three-dimensional visualization of the retinal thickness.

export format. The algorithm was then adapted to
process 6-mm-wide scans exported in the same image
format from Topcon (Tokyo, Japan) 3D OCT-2000
and 3-mm-wide scans from OptoVue (Fremont, CA)
AngioVue devices. This was achieved by resampling
images from the two devices to match the axial and
lateral micrometer-to-pixel ratio of those of the
Spectralis. Exported images are 512 X 495 pixels
(width X height) in size from the Spectralis, 512 X 855
from the 3D OCT-2000, and 640 X 304 from the
AngioVue. Manufacturers report an approximate
axial micrometer-to-pixel ratio of 3.87, 2.59, and
3.05 um, respectively, for the three devices, and an
axial resolution of 3.9, 5 to 6, and 5 pm."”"'” For
generalization, we describe the algorithm using
micrometers when possible.

The algorithm was developed using Matlab
R2016a software (MathWorks) with the Image
Processing Toolbox. The algorithm sequentially
attempts the identification of the three layers in a B-
scan, in order: ILM, RPE, and ISOS. The segmenta-
tion of each layer is a two-step process that restricts
the search space for the next layer (Fig. 3). In short,
the first step is the detection of a line representing the
initial guess for each layer, and is based on the
detection of nodal points laying over horizontal edges
in the image. The second step corrects each guess by

moving it closer to the edges showing in the image.
This is obtained using a novel technique based on the
active contour model.'®'"” If the input to the
algorithm is a volume of multiple B-scans, the
algorithm analyzes each B-scan sequentially.

Detection of the Initial Guess

The initial guess was obtained through the
identification of 36 nodal points spanning the whole
width of the scan and connected with linear interpo-
lation. Due to the bright, linear, and quasi-horizontal
appearance of the retinal layers in the scans, these
points were selected from those of the horizontal
edges, conventionally defined by the magnitude of
vertically oriented gradients of intensity. To detect the
edges, the image was preprocessed using Gaussian
filtering (sigma = 3 pixels, kernel size = 6 pixels) to
remove noise (Fig. 4a), and then the magnitude of the
vertical component of the gradient was calculated
using the Sobel gradient operator.”’ The result of this
operation was a new image of the same size of the
original one, where the value at each pixel was the
magnitude of the vertical gradient at the correspond-
ing location in the original image (Fig. 4b). Then, 36,
14-pixel wide columns (¢; i = {1, ..., 36}), equally
spaced and spanning the whole image-width, were
selected. The left and right halves of the first and last
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Figure 3.

columns, centered on the edges of the image, were
discarded. Then, all values in each column were
averaged across the rows to obtain 36 vertical profiles
of the averaged gradient (vp;) (Fig. 4c). The average
was used to weaken the impact of localized, vertical
gradients. These vertical profiles were analyzed to
identify their peaking values. The peaking values were
used in the selection of 36 points p(i), i = {1, ..., 36},
centered in the middle of the respective column ¢; and
vertically located at the location of the peak. Peaks
were identified separately for the initial guesses of the
ILM, RPE, and ISOS, to obtain three sets of 36 nodal
points: pim(i), pree(i) and pisos(i), respectively (Fig.
5). Of the two highest peaks in each vp;, the one closer
to the top edge of the image was selected as pypm(7)
(Fig. 5a). The closest peak to the bottom of the image,
of those below the ILM and higher than half the
highest peak below the ILM, was defined as prpr(i)
(Fig. 5c). To detect the points of the ISOS, each vp;
was multiplied by a gamma probability density

Flowchart of the sequence of operations performed by the algorithm.

function (gpqr), with the origin shifted 20 um above
the RPE, oriented toward the top of the image and
defined by the shape parameter k = 1.84 and scale
parameter 0 = 58 um. The resulting statistical mode of
such gpqr was approximately equal to 80 um. The gpqr
was designed so that the multiplication vp; * gpar
would strengthen the peaks of vp; close to the peak of
gpdar and cancel out peaks below or closer than 20 um
to the RPE. Then, the points pjsos(i) were selected as
the highest peaks in the profiles vp; * g,q¢ (Fig. 5e). If
the algorithm could not identify any of these peaks,
the relative points for the initial guess were discarded.
Finally, the initial guesses for the ILM, RPE, and
ISOS were obtained by linear interpolation of the
identified nodal points p;p m(i), prpe(i), and pisos(i).

Active Contour Model

The second step in the analysis was based on a
modified version of the established technique known
as “active contour model” or “snake,”'® frequently
used in computerized image analysis for the segmen-

Figure 4.

(a) Example B-scan processed with the Gaussian filter for noise removal; (b) processed with Sobel gradient operator for edge

detection; (c) divided in 36 columns to obtain 36 vertical profiles of the of the averaged gradient. In red, the vertical profile vps obtained

averaging the values across the rows of the sixth column.
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Figure 5. (a) The vertical profile vps and the nodal point p; \(6). The vertical coordinate of the point is identified by the high peak in vpg closest
to the top of the image; (b) the 36 nodal points py  of the initial guess for ILM. (c) The vertical profile vps and the nodal point pgpe(6). The vertical
coordinate of the point is identified by the high peak in vps below ILM and closest to the bottom margin of the image; (d) the 36 nodal points
Ppree Of the initial guess for RPE. (e) The vertical profile vp (in red), the gp4¢ starting 20 above the RPE (in black), the profile of vp; * gpq¢ (in blue), and
the point pisos(6). The vertical coordinate was obtained as the highest peak of vp; * g,qs; (f) the 36 nodal points pisos of the initial guess for ISOS.
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Table 1. Weights and Parameters of the Active
Contours Models

ILM ISOS RPE
k 0.8 0.8 0.4
Wiine 0 0 0
o 0.3 0.3 1
B 10? 10? 10*

tation of contours in images. Briefly, the model
iteratively deforms a line (the initial guess) so that it
adheres to the boundaries in an image. This is
achieved by solving an energy minimization problem
governed by the image energy Ejmae that pulls the
points of the line toward lines and edges in the image,
and the internal energy of the lineFEjyema, interpret-
able as the stretching-bending capabilities of the line,
which resists the deformation. This model has the
advantage of being robust to noise and discontinued
boundaries but requires priors, such as an initial guess
and the weights/parameters defined by the user. The
total energy of the contour E, that is minimized
through the iterations is given by:

1
Etot — / k - Eimage (V(S), Wline Wedge)
0
+ Einternal(v(s)7 o, ﬂ)dS,

where v;, i = {1, ..., 512} are the points of the
contour across the width of the image, wiine, Wedge and
k are user-assigned weights that define the impact of
lines and edges in the calculation of Ejpee, and the
impact of Ejpae in the calculation of Eiy, while o andf8
are parameters that control the amount of stretch and
curvature of the contour. The proposed algorithm
used a modified version of the conventional two-
dimensional model that restricts the deformation of
the line to the vertical dimension, by allowing the
points in the line to move only upwards or
downwards. This was achieved by removing horizon-
tal components from the conventional formulation of
the minimization problem, reducing its dimensionality
and therefore the complexity of the computation. This
modified, one-dimensional active contour model was
used three times by the algorithm, one for each of the
initial guesses. The parameters used are shown in
Table 1. The active contour models of ILM and ISOS
shared the same parameters. Different parameters
were used for the RPE to make the contour “stiffer”,
allowing less sharp bends to reflect the cross-sectional
morphology of the layer. At the end of the 50th

iteration, the deformed initial guess represented the
final segmentation.

Evaluation

The method was tested against the manufacturer’s
segmentation for scans acquired from healthy eyes with
the Spectralis and AngioVue. The segmentation from
the Spectralis was obtained from .vol files exported
from a version of the Heyex software (Heidelberg
Engineering) enabled for RAW data export. The
segmentation from the AngioVue was obtained from
the .xml files exported from the device. The manufac-
turer’s segmentation of scans from healthy eyes
acquired with the Topcon device was not available,
and the method was evaluated against a manual
segmentation by an expert clinician (XL). The manual
segmentation was aided by a custom tool created for
the purpose with Matlab. The tool allowed the clinician
to select points on the scans and interpolated them with
polynomial fitting lines. The test scans were obtained
from three data sets of volunteers and one data set of
patients, each acquired with one of the three devices for
previous studies. Volunteers underwent a visit from a
clinician to exclude any pathology. The fourth data set
included randomly selected patients with a range of
known retinal pathology. The first data set included 48
raster scans acquired with Spectralis from 48 healthy
eyes of 24 volunteers (protocol approved from the
NRES East Midlands Ethics Committee, Ref: 14/EM/
1163).?' The second data set consisted of 18 raster scans
acquired with the 3D OCT-2000 from 18 healthy eyes
of nine volunteers (protocol approved from the City
University of London Ethics Committee, Ref: OPT/
PR/16-17/36). The third data set included 15 raster
scans from 15 healthy eyes of 15 volunteers acquired
with the AngioVue (protocol approved from the
Humanitas Gavazzeni Hospital Ethics Committee,
Ref: 253-17 GAV).”” The fourth data set included 19
raster scans acquired with Spectralis from 19 eyes of 19
patients in presence of known retinal pathology
(including macular edema, age-related macular degen-
eration, previous choroidal neovascularization) (proto-
col approved from the NRES East Midlands Ethics
Commiittee, Ref: 14/EM/1163).>' From each raster scan
of a volunteer, a single B-scan was randomly selected
and used for the evaluation. The two segmentations
from the Spectralis and AngioVue underwent a check
by a clinician (GM) to identify any visible errors and,
with the manual segmentation of the Topcon scans,
were used as the Reference Standard (RS) for testing.
In the data set of patients with macular edema, one of
the five central B-scans was randomly selected for the

TVST | 2019 | Vol. 8 | No. 3 | Ar‘ricle1%35‘|



translational vision science & technology

Ometto et al.

Table 2.
for the Three Devices

Distance Between the Proposed Segmentation and the RS, and Difference of the Calculated Thickness

Depth MAD
Resolution, Thickness

Acquisition Device pnm (RPE-ILM) ILM RPE ISOS
Heidelberg Engineering 3.87 0.92 (0.32) pixels 0.89 (0.21) plxels 0.88 (0.32) plxels 1.03 (0.40) plxels

Spectralis 3.59 (1.24) n 3.45 (0.83) n 341 (1.24) n 3.97 (1.55) p
Topcon 5-6 1.40 (0.92) plxels 0.85 (0.19) plxels 1.17 (0.48) plxels 1.38 (0.31) plxels

3D OCT-2000 3.63 (2.39) n 221 (0.51) 3.02 (1.25) 3.58 (0.80) pn
OptoVue 5 2.02 (1.11) plxels 0.69 (0.10) plxels 2.04 (1.17) plxels 1.45 (0.37) plxels

AngioVue 6.16* (3.41) n 2.11 (0.30) um 6.21* (3.60) w 441 (111

Mean distance values above the resolution of the instrument are marked with an asterisk (*). SD values are reported in

parenthesis.

analysis from each raster scan to capture structural
changes. Here, the RS was obtained as the average of
two manual segmentations by two clinicians (GM and
XL). Areas of the scans where either clinician was
unable to identify the layer were excluded from the
analysis. On these scans, the RS was compared to the
segmentation results of the proposed algorithm as well
as to the segmentation from the manufacturer (Heidel-
berg Engineering) and from the IOWA Reference
Algorithms. The full segmentation from IOWA was
obtained from the XML files created during the
segmentation. The mean absolute distance (MAD)
was chosen to quantify the difference between RS and
the tested segmentation for the three layers. The layer
here defined as RPE was compared to the BM
identified by the Spectralis to reflect the different
notations. Retinal thickness, obtained as the distance
between ILM, ISOS, and RPE (or BM in the
Spectralis), was also measured. Finally, the microme-
ter-to-pixel ratios provided by the manufacturers were
used to convert measurement in pixels to micrometers.
This conversion allowed the evaluation of the MAD,
revealing meaningful segmentation differences when the
calculated distance was higher than the resolution of
the device. MAD values for retinal thickness were
calculated for each scan and compared across algo-
rithms using mixed effects models. All statistical
calculations were performed in R (R Foundation for
Statistical Computing, Vienna, Austria).

Mean time to segment a single B-scan was
completed in 0.94 seconds (standard deviation [SD]
0.15) when running on a desktop computer with an
Intel (Santa Clara, CA) Core 15-6500 CPU @ 3.20

GHz and 16 MB of RAM memory. The online
processing may take longer as images need to be
uploaded to the server and can vary depending on the
workload of the server, the number of clients
connected at the time of processing, and the size of
the volume to be processed. For these reasons, the
total execution time for a volume can range between
approximately 30 seconds to 2 minutes.

In healthy volunteers, the clinical validation of the
segmentation by the manufacturers did not identify
any errors in the scans from the Spectralis, while some
were identified in the segmentation of the RPE and
ISOS layers from the AngioVue, but were considered
minor. Table 2 shows the resulting MAD in pixels and
in micrometers between layers segmented by ReLayer
and RS for the three devices in scans from healthy
eyes. The mean difference in calculated retinal
thickness (SD) was 3.45 pm (0.83), 3.63 pum (2.39),
and 6.16 pm (3.41), respectively for the Spectralis, 3D
OCT-2000, and AngioVue. These values were lower
than the resolution of the Spectralis and the 3D OCT-
2000 (3.9 and 5-6 um, respectively) and slightly above
the declared resolution of the AngioVue (5 um). This
means that the mean difference of the proposed
segmentation and the RS is negligible for the
measurement of the retinal thickness from the first
two devices under evaluation. Similarly, the compar-
ison of individual layers revealed a mean difference
below the resolution of all three instruments, with the
exception of the RPE layer segmented on AngioVue
scans, where the mean difference resulted slightly
above its resolution. Results of the segmentation are
shown for random samples of the three data sets in
Figure 6. By inspection, no major differences could be
identified between the proposed method and the
segmentation used as the RS.
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Figure 6. The segmentation results from RS (green) and from Relayer (dashed red) in a random subset of the test images from healthy
subjects for images acquired with: (a) Heidelberg Engineering “Spectralis,” (b) Topcon 3D “OCT-2000,” and (c) OptoVue “AngioVue.”
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Table 3.
Pathological Eyes

Distance Between the Three Segmentation Algorithms and the RS in the Data Set of Scans From

MAD

Algorithm Thickness (RPE-ILM) ILM RPE ISOS
RelLayer 2.18 (0.98) pixels 0.37 (0.15) pixels 0.75 (0.69) pixels 1.09 (1.60) plxels

8.44% (3.80) n 1.45 (0.59) um 2.89 (2.69) um 4.21* (6.19)
Heidelberg Engineering 4,07 (0.67) plxels 0.85 (0.19) pixels 1.56 (0.53) pixels 1.50 (0.43) plxels

15.74* (2.61) p 2.55 (0.64) um 6.06* (2.06) pm 5.80% (1.68) n
IOWA 2.23 (0.42) plxels 1.60 (0.14) plxels 1.57 (0.40) plxels 1.24 (1.02) plxels

8.64* (1.64) um 6.19* (0.55) n 6.09* (1.56) n 4.82* (3.93) w

(

Mean distance values above the resolution of the instrument (3.97 um) are marked with an asterisk. SD values are

reported in parenthesis.

Table 3 shows the results of the comparison
between ReLayer, Spectralis, and IOWA algorithms
against the RS in scans acquired with Spectralis from
eyes with pathology. All thickness measurements
obtained with the three different segmentation algo-
rithms showed an average difference with RS that was
greater than the published resolution of the device
(3.9 um). All individual layers identified by IOWA
deviated from the RS in a measure that was on
average greater than the resolution of the device. The
mean distance between the segmentation from Spec-
tralis and RS was below the resolution and, therefore,
negligible only for segmentation of the ILM. The
mean distance between the segmentation from Re-
Layer and the RS was negligible for both ILM and
RPE layers. However, calculated SD values showed a
greater variation around the average distance between
ReLayer and RS than between the other two
algorithms and RS, particularly for the RPE and
ISOS. MAD average value for the retinal thickness
obtained with ReLayer on each scan showed no
statistically significant differences from IOWA (P =
0.973, 0.05 = 0.23 pm maximum error-difference).
However, both ReLayer and IOWA showed signifi-
cantly lower MAD values compared with Spectralis
(P < 0.001, 1.88 £ 0.23 um and 1.83 = 0.23 pum
maximum error-difference, respectively). Examples of
the segmentation results from the three algorithms
and RS are shown in Figure 7 on selected areas to
highlight their behavior in presence of pathological
changes. See Supplementary Figure S1 for the
segmentation results on the whole data set.

Discussion

In healthy eyes, the segmentation from ReLayer
was as accurate as that from the manufacturer in

scans obtained from the Heidelberg Engineering
Spectralis and as reliable as a manual segmentation
by a clinical expert in scans from the Topcon 3D
OCT-2000. The calculated thickness differed from the
RS by 3.59 and 3.63 pm on average; these values are
below the resolution of both instruments and
compatible with measured repeatability of acquisition
devices.” The mean difference of the segmentation,
evaluated for individual layers, was also below the
resolution, meaning that further improvements would
not be beneficial. When compared with the segmen-
tation from the OptoVue AngioVue, the thickness
calculated by the proposed method differed by 6.16
um, 1.16 pm above the published resolution of the
device. However, small segmentation errors were
noted by the clinician when evaluating the RS
segmentation from the AngioVue. These imperfec-
tions could have contributed to this difference and
represented a limitation in the assessment of the
method for this particular device. The brighter
appearance of scans taken with this device could
have also affected the segmentation by slightly
changing the behavior of the proposed algorithm,
which is based on the gradient between brighter/
darker areas in the image. However, this could be an
instance where using the same cross-platform seg-
mentation algorithm would be particularly beneficial,
providing a more homogeneous approach to the task.
In short, these results indicate that the proposed
segmentation was correct and within expected levels
of measurement variability of that obtained from the
devices.”

The evaluation on scans from eyes with pathology
revealed nonnegligible differences between all three
segmentation methods and the RS. MAD of the
proposed method from the RS was lower than that
seen in Spectralis and IOWA. In addition, greater
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Figure 7.

Segmentation results on six selected areas depicting structural changes from six of the pathological scans used for testing.

The RS is shown in green where both clinicians could identify the layer. ReLayer segmentation is represented by a dashed red line,
Heidelberg Engineering segmentation by a blue line, and IOWA segmentation by a pink dotted line.

variation demonstrated by greater SD values suggests
that segmentation errors by ReLayer were larger in
some areas of these scans. Errors by the proposed
algorithm could be due to its design, which is based
on several hard thresholds. Alternatively, errors could
be caused by isolated edges extending across multiple
A-scans and trapping the segmentation into local
minima. These results reflect the different behaviors
of the three methods rather than identifying one to be
superior. Segmentation discrepancies with the RS
larger than the resolution show that a single,
generalizable algorithm capable of accurately seg-
menting layers in both healthy and pathological scans
is still an open challenge. These findings support ideas
of using disease-specific algorithms in the presence of
ocular conditions.®** This problem will be addressed
by ReLayer with future introduction of variations of
the algorithm to the platform, customized to address
individual conditions. The comparison of the MAD
average for the calculated retinal thickness showed a
similar deviation from the RS for ReLayer and

IOWA, which was smaller than Spectralis. Notably,
the maximum error-difference was below the resolu-
tion of the instrument.

Execution time is generally slower than the
segmentation provided by the manufacturers and
IOWA but is still fast enough to allow the analysis of
raster scans in a clinical setting, for example during a
patient’s consultation. ReLayer is at the very early
stages of its development and improvements are
planned in the near future. Execution time can and
will be improved considerably by translating the code
into a compiled language. In addition, we plan to
move our service to cloud computing, allowing for
users all over the world to use the software at the
same time, with no negative impact on performance

ReLayer is fully automatic, free, and has no
requirements other than the access to a web browser.
The intuitive drag-and-drop of the scans, the 3D
visualization of the thickness profile, and the down-
load of the coordinates of all segmented layers in .csv
files, make results easily accessible. For these reasons,
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we believe that ReLayer represents a useful tool to
both researchers and clinicians. Future developments
will include the segmentation of new layers, support
for OCT scans from Carl Zeiss Meditec (Jena,
Germany) Cirrus devices, and for wide-field scans.
Finally, the platform will be upgraded to include
disease-specific segmentation, to allow processing of
multiple volumes with a single upload and to allow
manual correction of the results.
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Automated quantification

of posterior vitreous inflammation:
optical coherence tomography scan
number requirements

Jan Henrik Terheyden®*, Giovanni Ometto?, Giovanni Montesano?,
Maximilian W. M. Wintergerst®?', Magdalena Langner?!, Xiaoxuan Liu©3*, Pearse A. Keane®®,
David P. Crabb®?, Alastair K. Denniston®3*5 & Robert P. Finger'**

Quantifying intraocular inflammation is crucial in managing uveitis patients. We assessed the
minimum B-scan density for reliable automated vitreous intensity (VI) assessment, using a novel
approach based on optical coherence tomography (OCT). OCT volume scans centered on the macula
were retrospectively collected in patients with uveitis. Nine B-scans per volume scan at fixed locations
were automatically analyzed. The following B-scan selections were compared against the average
score of 9 B-scans per volume scan as a reference standard: 1/3/5/7 central scans (1c/3c/5¢c/7c), 3
widely distributed scans (3w). Image data of 49 patients (31 females) were included. The median
VIwas 0.029 (IQR: 0.032). The intra-class-correlation coefficient of the VI across the 9 B-scans was
0.923. The median difference from the reference standard ranged between 0.001 (7c) and 0.006 (1c).
It was significantly lower for scan selection 3w than 5¢, p(adjusted)=0.022, and lower for selection
7cthan 3w, p(adjusted) =0.003. The scan selections 7c and 3w showed the two highest areas under
the receiver operating curve (0.985 and 0.965, respectively). Three widely distributed B-scans are
sufficient to quantify VI reliably. Highest reliability was achieved using 7 central B-scans. Automated
quantification of Vl in uveitis is reliable and requires only few OCT B-scans.

Uveitis is a common inflammatory disease of the eye, accounting for 5-10% of visual impairment worldwide®2.
The disease affects the vascular layer (consisting of iris, ciliary body and choroid) of people who are frequently of
working age!’. Quantification of intraocular inflammation is crucial in managing patients with uveitis. To date
the quantification of intraocular inflammation is mostly done semi-quantitatively by subjective clinical evalu-
ation, which comes with a range of limitations common to subjective ratings*-°. Thus, several approaches have
been developed to quantify vitreous intensity (VI) more objectively®™. This includes quantification of vitreous
inflammation based on optical coherence tomography (OCT) scans®'2.

The developed algorithm for an automatic assessment of vitreous inflammation is based on the measurement
of hyperreflective spots within the posterior vitreous included on macular OCT scans. As this parameter alone is
prone to artefacts due to media opacities, a score relative to the retinal pigment epithelium has been established
in previous studies and evaluated against the reference standard of the Standardization of Uveitis Nomenclature
(SUN) clinical grading of vitreous haze®1°.

The application of an OCT-based, automated algorithm for quantification of vitreous inflammation requires
manual selection and a certain amount of manual post-processing steps of scans. For this reason, the number
of scans should be limited to the minimum amount required for reliable quantification of VI to facilitate future
employment in clinical routine and randomized controlled clinical trials. These applications include a potential
use of the OCT-based parameter as a biomarker for therapeutic decisions, follow-up intervals and as a clinical

!Department of Ophthalmology, University Hospital Bonn, 53127 Bonn, Germany. 2Division of Optometry
and Visual Science, City, University of London, London, UK. 3Academic Unit of Ophthalmology, Institute of
Inflammation and Ageing, University of Birmingham, Birmingham, UK. “Department of Ophthalmology,
University Hospitals Birmingham NHS Foundation Trust, Birmingham, UK. °NIHR Biomedical Research Centre At
Moorfields Eye Hospital and UCL Institute of Ophthalmology, London, UK. *email: Jan.Terheyden@ukbonn.de;
Robert.Finger@ukbonn.de
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Figure 1. Illustration of an infrared image linked to an OCT volume scan that consists of 19 B-scans. The white
dots indicate which scans (green lines) have been included in the different sub selections of B-scans (columns).

Median VI difference from reference standard
Scan sub selection (interquartile range) Limits of agreement compared to reference standard
1 central scan (1c) 0.006 (0.009) [-0.039;0.037]
3 central scans (3¢) 0.005 (0.011) [-0.033;0.032]
5 central scans (5¢) 0.004 (0.009) [-0.028;0.026]
7 central scans (7c) 0.001 (0.004) [-0.009;0.009]
3 wide scans (3w) 0.003 (0.005) [-0.014;0.013]

Table 1. Deviation between the reference standard (VI means of 9 B-scans) and average VI values from the
sub selections of B-scans and respective limits of agreement. VI, vitreous intensity.

trial endpoint. Thus, we assessed the minimum required number of B-scans to reliably quantify vitreous inflam-
mation in this study.

Results

Current image data of 49 eyes of 49 patients (31 females, 18 males) examined at a tertiary referral centre were
included. Uveitis was classified as intermediate in 8 eyes, posterior in 33 eyes and panuveitis in 8 eyes. Mean age at
examination was 70+ 12 years; mean logMAR BCVA at examination was 0.5+ 0.3 and 44 eyes were pseudophakic.

The mean distance between two B-scans was 243 + 8 pm (Fig. 1, individual B-scans are represented by green
lines). Across all B-scans, the median VI was 0.029 (interquartile range: 0.032), ranging from 0.0026 to 0.394. The
mean VI per eye did not differ significantly between phakic and pseudophakic eyes (P=0.919). The intra-class
correlation coefficient of the VI values across the 9 B-scans was 0.923 (95% confidence interval 0.886 - 0.952),
indicating high agreement between VI values.

Smaller median differences indicate less variation from the chosen reference standard (i.e. the mean VI value
from 9 B-scans, Fig. 1). Table 1 shows that the median differences between the reference standard and the aver-
age values of scan selections (1 central scan, 1¢; 3 central scans, 3¢; 5 central scans, 5¢; 7 central scans, 7¢ and 3
widely distributed scans, 3w) were noticeably different. For instance, the difference from the total VI average in
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Scan sub selection AUC [95% CI]

1 central scan (1c) 0.862 [0.753; 0.971]
3 central scans (3c) 0.870 [0.767; 0.974]
5 central scans (5¢) 0.929 [0.855; 1.0]

7 central scans (7¢) 0.985 [0.954; 1.0]

3 wide scans (3w) 0.965 [0.912:.1.0]

Table 2. Area under the curve values for the detection of values larger than the dataset’s median, per scan sub
selection. AUC, area under the curve; CI, confidence interval.

1.0 7 ———— T = T |—1c
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=
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c
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Figure 2. Receiver operating curves of the different scan sub selections. The state variable was the dataset’s
median. 1c, 1 central scan; 3¢, 3 central scans; 5¢, 5 central scans; 7c, 7 central scans; 3w, 3 wide scans.

9 B-scans was smaller in the sub selection 3w compared to 5¢ (Holm-Bonferroni adjusted P=0.022). It was also
smaller in the sub selection 7c compared to 3w (Holm-Bonferroni adjusted P=0.003).

Linear regression analysis revealed no significant associations between the two axes on Bland-Altman plots
with each other, comparing the reference standard with the VI scores from individual scan selections (compara-
tors: 1¢, p=0.907; 3¢, p=0.120; 5¢, p=0.172; 7¢c, p=0.604; 3w, p= 0.243).

All area under the curve (AUC) values from ROC analysis were > 0.8 (Table 2), indicating high sensitivity
and specificity for the detection of values larger than the dataset’s median, i.e. detection of eyes with statistically
“higher inflammation” in contrast to eyes with “lower inflammation”. The scan sub selections 7c and 3w achieved
the highest sensitivity and specificity values (Fig. 2). We achieved similar results using a comparison with the
dataset’s upper and lower quartile as state variables (data not shown).

Discussion
The results indicate that Vitreous/RPE-relative intensity is consistent across OCT scans in individuals with
uveitis. Averaging the VI of several B-scans within one OCT volume scan further improved measurement reli-
ability because it reduces the influence of local structural alterations. VI calculation from three widely distributed
B-scans (average distance 1944 pm) achieves comparable results with VI calculation from nine equally distributed
B-Scans (average distance 486 um) and allows for sufficient discrimination of different levels of inflammation.
Our results indicate that less dense scan patterns compare well to more dense scans in the quantification of
V1. As the biomarker itself as well as the measurement of vitreous inflammation using OCT are relatively novel,
no data comparing different scan densities for this purpose are available so far. However, different OCT scan
patterns of the macula have been compared in the literature with respect to detection of retinal biomarkers such
as the presence of intraretinal fluid and quantification of retinal layer thicknesses. Sayanagi and colleagues did
not find a significant difference in retinal thickness measurements of patients with macular diseases between a
dense OCT volume scan and a radial scan consisting of 6 lines'%. Other groups confirmed that retinal thickness
can be measured almost as reliably with low B-scan density scans compared to high density scans in individuals
with defined macular diseases such as diabetic macular oedema'>'¢, age-related macular degeneration'” and
retinal vein occlusion’®. Different studies showed the detection of fluid to be almost as sensitive in scan patterns
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only 25-50% as dense as the respective reference standard in age-related macular degeneration, diabetic macular
oedema, retinal vein occlusion and other retinal diseases'’~%.

Our main result that a pattern with a smaller number of OCT B-scans-based measurements is similarly
sensitive as a denser reference standard is thus consistent with findings reported in the literature. The scan sub
selection “3w” including a central B-scan and two peripheral B-scans was superior to a single central scan, 3
central scans and 5 central scans. Reliability can be increased with 7 B-scans, i.e. the difference from the refer-
ence standard was significantly lower, but the relevance of this small decrease in mean difference is unclear and
needs to be considered against the increased workload.

Of note is that the minimum scan density that can be recommended for the measurement of VI is lower
than the one recommended for use in retinal diseases to assess retinal thickness or presence of macular oedema
reported in the literature. The minimum number of B-scans required for these purposes varies between five
and 32 scans'’"%. The diffuse nature of the signal in the vitreous cavity in inflammatory diseases in contrast to
clearly locatable pathologies in only a small part of the retina in retinal diseases might be a potential explana-
tion for this. However, the impact of local heterogeneity in vitreous haze or accumulation of inflammatory cells
(e.g. snowballs) on the OCT-based parameter and its changes with eye movement require further investigation.

The strengths of our study include a standardized imaging protocol for all participants, a relatively homog-
enous sample consisting of only uveitis patients (excluding anterior uveitis) and the use of a previously developed
algorithm which is already clinically validated. Limitations include the relatively small sample size with only a
limited number of B-scans per subject available, the use of only one device (Spectralis, Heidelberg Engineering),
the relatively high age of the participants for a uveitis population, and the limited availability of clinical data.
In this study we have considered measurements taken at a single visit, and therefore have not considered the
stability of the signal over time.

Overall, our study shows that automated determination of VI is reliable across OCT B-scans in uveitis
patients. The recommended minimum B-scan density for future research based on this parameter is three hori-
zontal scans: One central scan and two peripheral scans located approximately 2000 pm inferiorly and superiorly
from the central B-scan (3w). Measurements were even more stable across scans in a pattern of 7 horizontal
scans (7c) but we interpret this improvement as not clinically relevant compared to the recommended pattern.
In the future, further correlation of the data with clinical vitreous haze scores and other clinical variables as well
as further reliability analysis based on these values is warranted.

Methods

The retrospective study took place at the department of ophthalmology of the University of Bonn, Germany.
The institutional Ethics Committee (University Hospital Bonn, Germany) approved the use of retrospective data
for study purposes and approved that informed consent can be waived due to the use of retrospective data only
(no. 103/18). The study adhered to the principles of the declaration of Helsinki. Participants were included if
they had a form of Posterior Segment Involving Uveitis (PSIU) i.e. one of Intermediate, posterior or panuveitis
as classified according to the SUN criteria’.

Image data. Macular OCT volume scans were retrospectively collected. OCT is a light-based, non-invasive
technique frequently applied in ophthalmology. It is based on local interference between two signals (object sig-
nal and reference signal)?**. Using software, B-scans (e.g. axial) are automatically calculated from A-scans. Reti-
nal OCT B- scans show parts of the posterior vitreous cavity, the retinal layers as well as choroidal structures. The
volume scans were obtained with the Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, Germany), with
a B-scan image resolution of 512 x 496 pixels and 5 images averaged (automated real-time tracking mode=5).
Inclusion criteria were volume scans consisting of 19 B-scans each and a B-scan size of 20° x 15°. Exclusion cri-
teria were insufficient image quality (HEYEX software image quality score <20 in>3 B-scans), incomplete scan,
fixation errors and a presumed disease aetiology other than uveitis. Besides image data, age, uveitis classification,
best-corrected visual acuity (BCVA) and lens status of all included patients were collected.

Image analysis. Every other B-scan was selected from the OCT volume scans, resulting in 9 B-scans per
volume scan available for analysis (Fig. 1). As one of the previous VI algorithm validation studies included
a reference of 7 B-scans per volume, we used a comparable density as our gold standard!''. The image data
and additional image acquisition parameters were imported into MATLAB, Version R2016a (The MathWorks,
Natick, Massachusetts, USA). The VI parameter Vitreous/Retinal Pigment Epithelium (RPE)-relative intensity
was automatically calculated per B-scan according to an algorithm that has previously been described and clini-
cally validated®'>%. In summary, pre-processing steps include opening, thresholding and adjustment as out-
lined by Keane et al.’. The posterior part of the vitreous cavity is automatically detected and the OCT sum signal
in this area is quantified relative to the RPE signal intensity in order to lower the impact of media opacities on the
outcome parameter. The overall vitreous reflectivity is increased in inflammation which has been explained e.g.
by inflammatory components and proteins in the vitreous cavity”*. B-scan quality was assessed for all selected
B-scans and the distance between B-scans was obtained per individual volume scan.

Statistical analyses. The intra-class correlation coefficient between all VI values per volume scan was cal-
culated. The single VI value of the central B-scan (1c) and averaged VI values of five combinations of B-scans (3,
5 and 7 central scans (3¢, 5¢, 7¢), all 9 scans available for analysis (9 s), 3 widely distributed scans (3w); Fig. 1)
were computed for all volume scans included. The averaged VI value of 9 B-scans was used as the standard refer-
ence. Mean absolute differences between this reference and a single central B-scan VI as well as the averaged VI
values listed above (3¢, 5¢, 7¢, 3w) were calculated. 95% limits of agreement (LoA) were calculated according to
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the formula LoA =mean + 1.96 x standard deviation of the differences between the two measurements. Linear
regression analysis was performed based on Bland-Altman plots to identify associations between the above
mentioned mean absolute differences (e.g. 9 s-1c, 9 s-3¢, 9 s-5¢, etc.) and their respective means, excluding four
cases that were likely outside of the sensitivity range of our study (mean VI score>0.1). In addition, we per-
formed receiver operating curve characteristic (ROC) analysis for discrimination of VI values greater or equal
and VI values smaller than the median VI value out of all B-scans.

Statistical analyses were performed with SPSS Statistics, version 25 (IBM Corporation, Armonk, New York,
USA) and R, version 3.5.0 (R Core Team, Vienna, Austria). Paired samples were compared with the Wilcoxon
rank sum test correcting for multiple comparisons using the Holm-Bonferroni method?’. The level of statistical
significance was P <0.05.
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Conclusions: The automated segmentation of chorioretinal lesions using IR and AF
shows closer alignment to manual segmentation than the same method based on AF
only. Merging information from multimodal images improves the automatic and objec-
tive segmentation of chorioretinal lesions even when based on a small dataset.

Translational Relevance: Merged information from multimodal images improves
segmentation performance of chorioretinal lesions.

: as a group of the White Dot Syndromes.! The disease
Introduction is an inflammatory choroiditis that does not affect
the anterior chamber or vitreous cavity. It gener-

ally affects eyes of young and myopic women and
its cause is unknown.’ It is characterized by the

Punctuate inner choroidopathy (PIC) is a rare
condition that was first recognized by Watzke in 1984
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appearance of multifocal, well-circumscribed, small
lesions that resolve in a few weeks, leaving atrophic
spots with variable pigmentation. These episodes are
symptomatic, with patients reporting blurred central
vision, flashes of light, and paracentral scotomas.
Symptoms can disappear with the resolution of the
lesion, but about 40% of the patients experience more
severe visual loss with the development of choroidal
neovascularization (CNV).3>

The detection and monitoring of PIC are assisted
by a number of imaging techniques including optical
coherence tomography (OCT) and fundus autofluo-
rescence (AF).>7 Whereas OCT provides good three-
dimensional views of the evolution of individual
inflammatory lesions (and detection of CNYV), the
AF provides the best overview of the number of
atrophic PIC lesions, their size and the total area of
the macula that has been affected. Specialists there-
fore routinely use the evaluation of hypoautofluores-
cent areas on AF images to estimate disease progres-
sion over time and to assess efficacy of treatment;
additionally hyperautofluorescent areas may indicate
new disease activity although this is a less consistent
phenomenon.? Visual assessment is, however, signif-
icantly hampered by its subjective nature (based on
direct visual comparison of scans between visits) and is
not supported by any numerical information that could
be used to provide objective indices to support treat-
ment decisions or progression monitoring. Estimates
of lesions in AF can be improved by semiautomatic
segmentation, such as the one provided by the Region
Finder software (Heidelberg Engineering, Heidelberg,
Germany), a region-based segmentation that often
requires manual correction.” There is also consider-
able interest around the automated segmentation of
geographic atrophic lesions in patients with age-related
macular degeneration.' ! However, to the best of
our knowledge, there are no published algorithms for
the automated segmentation of chorioretinal lesions in
PIC and similar uveitic syndromes, and clinicians are
therefore currently dependent on subjective, qualitative
assessment to detect change between visits and inform
treatment decisions. This is likely due to the scarcity of
large datasets, rarity of the disease and the morpholog-
ical complexity of these lesions that make the training
of such algorithms a challenging task. Such complexity
would also translate into a taxing endeavor for clini-
cians, required to manually correct segmentations of
multiple sparse lesions.

Chorioretinal atrophic lesions are also visible in
images acquired in infrared (IR) and color modalities.
In these images, lesions appear as sharply demarcated
regions of absent retinal pigment epithelium through
which the choroid or sclera is visible. Although their
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appearance in these images might not be as contrasted
as in AF, they provide complementary information
that can improve the performance of algorithms for
automatic segmentation.

In this work, we present a proof of concept for a
machine learning algorithm, which combines the infor-
mation of IR and AF images to produce an automatic
segmentation of PIC atrophic lesions. We demonstrate
that it is feasible to develop and test these methods
using a small dataset. We compare the results of the
proposed method with those from another algorithm,
based on the same model but trained on the AF only.
Finally, we present a case study to explore the potential
benefits of the technique for the monitoring of progres-
sion.

Dataset

All patients attending the specialist PIC clinic at
University Hospitals Birmingham NHS Foundation
Trust, UK, have a standardized set of scans (the
“Birmingham PIC Protocol”) which comprises: 30°
OCT of macula (“fast macula”) and retinal nerve fiber
layer (RNFL); 30° Bluepeak AutoFluorescence (AF);
30° multicolor (three laser reflectance), 55° wide-field
posterior pole OCT, AF, and Multicolor, Ultrawide
field Optos Color, and AF. This protocol was approved
from the NRES East Midlands Ethics Committee (Ref:
14/EM/1163). Written informed consent was gathered
from all subjects. This protocol adhered to the tenets
of the declaration of Helsinki. The scans of 16 patients
(with 18 affected eyes) with PIC had at least one visit
with all modalities acquired and were identified for
this study. Each of the 18 eyes had a 6 mm x 6 mm
macular OCT volume with an associated 768 x 768-
pixels IR image and a 768 x 768-pixels AF image.
All volumes and AF images were acquired using a
Spectralis HRA+OCT device (Heidelberg Engineer-
ing, Heidelberg, Germany) using 820 nm and 488 nm
wavelengths for IR and AF, respectively. All patients
enrolled in this study had “classic” PIC with predom-
inantly central lesions; patients who had multifocal
choroiditis without the central lesions or who had
progressive subretinal fibrosis were not included in this
study. All stages of PIC were eligible for inclusion.

Manual Segmentation

A clinical expert (GM) manually segmented the
pixels of chorioretinal lesions on the AF image based
on the appearance of the AF image supported by the
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MANUAL
SEGMENTATION

AF AND IR

Figure 1.

Rows A and B illustrate data from two of the 18 selected eyes. The first column shows the IR image, acquired with the macular

OCT scan. The second column shows the aligned AF image. The third column shows a combination of the IR and AF, where the magenta
represents intensities in the AF higher than in the IR and vice versa in green. The fourth column shows the manual segmentation as a binary
map of “0” (non-lesion, in black) and “1” (lesion, in white). The red circles in the third and fourth columns show the central 22.5°, the area used

for training and testing the automatic classification.

IR and OCT. The segmentation was then reviewed
by a second clinical expert (XL). The task was
carried out using the ImageSegmenter app available
in Matlab R2019a (Mathworks, Natick, MA, USA)
with the Image Processing Toolbox. The segmentation
produced eighteen 768 x 768 binary maps, classifying
each pixel of the IR image as “0” (nonlesion) or “1”
(lesion) (Fig. 1). Areas of peripapillary atrophy were
also classified as lesions. This choice was necessary to
avoid ambiguities in the segmentation of lesions that
merged with these areas (see Fig. 1B).

AF-IR Image Alignment

Matlab image registration function imregconfig was
used to automatically align normalized AF images to
the relative, normalized IR using a 100-step optimiza-
tion process. The function was set to align mono-
modal images, as the information captured by these
two modalities was largely non-complementary, for the
exception of areas with lesions. The clinical grader
(GM) visually inspected the results of the alignment
and performed manual matching where the automated
algorithm failed. Manual alignment was obtained

Downloaded from tvst.arvojournals.org on 11/25/2020

through the localization of four landmarks on the pair
of images. The landmarks were used to calculate the
parameters of the local weighted mean transformation,
which was then used to align the AF. Control points
and transformation parameters were obtained using
the Image Processing Toolbox functions c¢pselect and
fitgeotrans, respectively.

Automatic Segmentation Methods

A machine learning classifier (random forest with 25
trees) was trained to categorize pixels of the images into
two classes, “0” (non-lesion) or “1” (lesion), using the
manual segmentation as the reference.”’

Each observation was identified by a pixel location
of the IR and aligned AF and was characterized
by eight attributes. The latter were obtained with an
adaptive histogram equalization of both IR and AF
images operated on 4 differently sized, neighboring
regions: 15 x 15, 31 x 31, 151 x 151 and 301 x
301 pixels. This process, equivalent to a pre-processing
stage of local-intensity normalization, generated eight
equalized images, four from IR and four from AF.
Therefore, at each pixel location, these images provided
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an attribute that incorporated information of neigh-
boring intensities.

Only pixels within the central 22.5° (3/4 of the field
of view of the lens) were used in the validation of the
model (red circles in Fig. 1). This restriction was intro-
duced to exclude peripheral areas, often noisy due to
scarce illumination, and to guarantee that the included
macular area had been captured by both IR and AF
despite acquisition misalignments.

Finally, a proportion (10%) of randomly selected
observations from the “lesion” class was selected and
matched by the same number of randomly selected
“non-lesions.” This produced balanced training-
datasets while allowing faster training.

The same random forest used for the classification
of AF-IR was trained using the four attributes from
the AF only, obtaining a new classification model.

Validation

The random forest classifiers were evaluated using a
leave-one-out cross-validation: the model was trained
on observations from 17 of the 18 eyes, and was
validated on the eye ‘left-out’, repeating the process for
each eye.”! Results were analyzed to report the percent-
age of correct classifications, sensitivity and specificity
of the model, as well as Dice’s coefficient of similarity
with the segmentation by the grader.?

Case Study

A time series of IR and associated AF images
acquired over 42 months from 35 consecutive visits was
identified in the database and used for a case study. The
34 IR from follow-up visits were aligned to the IR of
the first visit. Then, all AF images were aligned to their
associated IR. Resulting pairs of IR-AF were classi-
fied by the trained random forest classifier. The gener-
ated classification-maps were processed to fill the holes
in the segmentation; to remove spurious classifications
of individual pixels as lesions with a morphological
opening and closing; and to force pixels classified as
lesion at a time point to retain the classification for the
rest of the time series. Using the pixel-mm? conversion
provided by the manufacturer (1 pixel = 0.01118 mm?),
the total segmented area at each visit was converted
to millimeters squared. The first derivative of the total
area was calculated to estimate the expansion speed in
mm?/days.
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The 16 patients selected for the study were all female
with a mean (range) age of 41 (31, 62) years. All but
one patient had both eyes affected by the condition and
twelve patients were on systemic immunosuppression.

Automatic alignment was successful in nine out of
the 18 AF-IR pairs, with the others requiring manual
intervention. Failed alignments were associated with
the presence of large lesions or large areas with low
illumination in at least one of the two photographs (IR
or AF).

The AF-IR model correctly classified 95.9% of the
pixels in the dataset with sensitivity and specificity of
0.83 and 0.98 respectively. Dice’s coefficient was 0.85,
showing a good similarity between the automatic and
manual segmentations. The AF model correctly classi-
fied 94.6% of the pixels in the dataset with sensi-
tivity and specificity of 0.79 and 0.97, respectively;
Dice’s coefficient was 0.80. For reference, we trained
the same model on IR only. The IR model correctly
classified 90.0% of the pixels; sensitivity and speci-
ficity were 0.40 and 0.98 respectively; Dice’s coefficient
was 0.53 showing poorer correlation with the reference
segmentation than the other models. Figure 2 shows the
results of the automatic segmentation for a randomly
selected subset of the dataset. Segmentation results of
the whole dataset are available in the Supplementary
Figure.

This work introduces a novel method for the
segmentation of atrophic chorioretinal lesion. We
demonstrate how this method could be feasibly used to
provide clinicians with real-time objective metrics such
as lesion area and growth rate.

PIC was used as a case-example of the wider
group of chorioretinal inflammatory diseases (poste-
rior uveitis) because there is a clear “use case”
here in that the presence or absence of lesions, and
their change over time, directly impacts on treatment
decisions.

Our approach to chorioretinal lesion segmentation
used a combination of two standard scanning laser
ophthalmoscopy (SLO) imaging techniques—IR and
AF—Dboth of which can be routinely acquired from the
Heidelberg Spectralis system. Our automated segmen-
tation technique shows strong agreement with manual
segmentation by a clinical grader while using only 18
images for the training of the algorithm.
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<«
Figure 2. A random subset of five of the 18 selected eyes. The first column shows a combination of the IR and AF. The second column
shows the manual segmentation as a binary map of “0” (non-lesion, in black) and “1” (lesion, in white). The third column shows the automatic
segmentation based on IR and AF for the central 22.5°, delimited by a red circle. The fourth column shows the results of the same classification

model trained on AF only.

The model based on the IR only performed poorly
compared to the other two (AF only and IR-AF) and
this result is consistent with previous literature.®-* This
report demonstrates new knowledge because merging
the information from multimodal images proved to be
effective, outperforming the classification model based
on AF only. Percentage of correctly classified pixels
and specificity do not highlight major differences in
performance due to the much higher number of pixels
from non-lesions. However, higher sensitivity and
higher Dice’s coefficient achieved by the IR-AF based
model reflects a significant improvement in the segmen-
tation, also clearly visible inspecting the segmentation
results (Fig. 2 and Supplementary Figure). In fact, a
challenge in lesion segmentation with traditional single
modality techniques, is delineating between a patholog-
ical feature and a normal structure such as fovea, optic
disc, and retinal vessels that could be wrongly classified
as lesions. This problem requires particular attention
and can be time-consuming when the task is performed
semiautomatically with the aid of the Heidelberg
Engineering Region Finder software.”? In this task,
our proposed method outperforms the same algorithm
trained on AF only, in part because the combina-
tion of IR and AF reinforces features of normal
structures and differentiation of abnormalities: retinal
features like the fovea and vessels (all darker in AF
images and possibly confused with atrophic lesions)
can therefore be ignored, and pathological features can
be highlighted. In particular, better identification of
lesions in the foveal region is of extreme importance
due to their sight threatening implications. The better
performance of the model based on multimodal images
can be explained in part by its ability to exploit the
most informative features provided by each acquisition
modality, such as the generally sharper features of IR
images and the intensities of lesions represented in AF
images.

Although the proposed method still requires some
modest manual intervention for the alignment, this
allows for the tracking of areas that become atrophic
during follow-ups. Thanks to the alignment, newly
developed atrophic areas can be directly identified and
highlighted for each visit (Fig. 3). This tracking not
only increases the level of detail in the monitoring
of the condition but can also represent an impor-
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tant quantification tool for outcomes for prospective
research studies.

We have previously reported the use of commer-
cial OCT segmentation software (HEYEX; Heidelberg
Engineering) to identify new inflammatory PIC lesions
on the OCT volume scans, using the heat-map function
including the ability to generate heat-maps of change
from a baseline scan.” We see these techniques as
complementary, since they provide information about
different aspects of the disease process at different
stages in the pathway. The heat-map technique (and
indeed direct careful perusal of the volume scans) will
identify inflammatory PIC lesions (and PIC-associated
CNYV) from a very early stage. At these early stages, the
lesions may not be detected by our IR-AF technique
if they have not caused sufficient disruption to the
RPE to be seen as a hypoautofluorescent signal. The
IR-AF technique detects these lesions slightly later
in their development i.e. once they have caused loss
of the RPE. Yet the technique segments the lesions
themselves rather than the retinal layers and this repre-
sents a significant advantage. In contrast, the heat-map
technique is primarily qualitative as it does not provide
a direct measurement of individual lesions, total lesion
area or change in lesion burden.

Although, to the best of our knowledge, ours is the
first work to combine IR and AF images for semantic
segmentation of PIC, some have used AF images for
semantic segmentation of Geographic Atrophy (GA).
These contributions can be roughly divided into three
categories. First, region-based approaches, level-set
methods and other computer vision techniques;'%-!16
second, heuristic methods and handcrafted features
that are then input to machine learning classifiers;'4!’
third, supervised Deep Learning methods, which do
not require handcrafted features, but automatically
learn useful features directly from the input data.!®:1”
Works in the first category typically achieved lower
accuracy than methods using supervised machine
learning, because they tend to generalize less well to
unseen cases. However, these do not rely on manually
segmented labels for model training and can there-
fore be applied successfully to situations where a large
labeled dataset is difficult or impossible to obtain, as
for example in the case of rare pathologies. Acquir-
ing training labels is typically an expensive step in
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Figure 3. Case study of chorioretinal lesions development in the left eye of a young woman with PIC. The red line shows the total area of PIC
atrophic lesions measured from the segmentation of the time series. The blue line shows the first derivative of the total area, or expansion
rate. The three images on top of the plots show the segmentation of three acquisitions taken just before the peak in the expansion rate.
Black represents nonlesions; white represents lesions already segmented in the previous visit; red highlights newly segmented lesions.

any machine-learning pipeline, and data scarcity led
models in the third category to poor generalization.
Models in the second category can represent a compro-
mise between those in the other two, attempting to
strike a balance between data efficiency and generaliza-
tion. These models are well suited in clinical contexts
where labelled data is scarce. Our results suggest that
the combination of information from different image
modalities can generate a new class of handcrafted
features, which could help improve the performance of
this category of models.

Our methods and the study used to evaluate them
have some limitations.

Although the proposed method was able to train on
a small dataset, calculated performance metrics can be
affected by the small number of images available.

Our estimate for measured sensitivity (0.83)
indicates a limitation of our automated segmenta-
tion technique. This suggests that our technique was
unable to identify all pixels that were classified as
abnormal by the manual approach. This may be due
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to the variable reflectivity of larger lesions in the IR,
which could have confused the classification model,
resulting in the underestimation of some atrophic
areas.

One limitation of blue AF images is the masking
from the macular pigment near the fovea (see for
example the misclassification of the foveal lesions
in Fig. 2). The recent introduction of green AF (514
nm wavelength) could overcome this issue and provide
better segmentation results’*>> using essentially the
same methodology but simply pairing the IR with
green (rather than blue) AF.

It should be recognized that the areas provided with
our technique are estimates based on the manufacturer-
provided conversion factor of 1 pixel = 0.01118 mm?.
This is an average conversion factor, because the actual
area that pixels equate to will vary slightly between
patients. Although this means that there is some uncer-
tainty in these estimates of area if comparing between
patients, these conversion factors will remain constant
within the same patient, and therefore the primary
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objective of monitoring disease within the same patient
will likely be unaffected.

In terms of implementation, the main limitation of
the proposed method is the need for aligned images.
The automatic alignment could only complete the task
successfully on nine of the 18 eyes evaluated, and this
is therefore an area that requires further development.
Unless a more robust algorithm is available, manual
alignment may be required in a significant number
of cases. It should be recognized however that the
cases selected in this series are likely to have been
particularly challenging given the advanced stage of
the condition for many of the selected eyes, and that
alignment performance across an unselected popula-
tion would be expected to be better than this. Addition-
ally, although automatic alignment is preferred, manual
alignment is not onerous because it is facilitated with
the selection of only four control points per image
(eight points per alignment) making the process fast
enough even for a clinical setting. We suspect that
most clinicians would find this a reasonable invest-
ment of time in order to gain better objective quantita-
tive metrics of chorioretinal lesions that the technique
provides.

Our case study illustrates the clinical application
of the technique as applied to a patient in their 30s
with PIC over a 3.5-year time period, which we have
visualized in both static and dynamic graphical forms
(Fig. 3 and Supplementary Video). This example shows
how the quantification of the chorioretinal lesions
enabled by our technique could bring greater precision
to monitoring progression including a sharp increase
in the expansion rate, which might have been missed
by simple visual inspection. In PIC and other forms of
sight-threatening posterior uveitis, treatment decisions
depend on the evaluation of these chorioretinal inflam-
matory lesions.

In addition to its value to routine clinical practice,
our approach may provide a sensitive, reliable, objective
measure for clinical trials which include patients with
PIC or other posterior uveitis syndromes. We think
this is particularly noteworthy. Currently, most such
trials “lump together” all forms of “posterior segment
involving uveitis” (PSIU). One way of dealing with
the wide variation in which these forms of uveitis may
demonstrate disease activity is to include “new or active
chorioretinal lesion” as part of a composite endpoint
of “active disease” or “treatment failure.” This there-
fore reduces a complex disease process (chorioretinitis)
to a binary variable based on a subjective evaluation.
The technique we have described here would provide
objectivity and enable a more nuanced approach to
evaluating impact of any intervention in these condi-
tions.

Downloaded from tvst.arvojournals.org on 11/25/2020

TVST | August 2020 | Vol.9 | No.9 | Article 38 | 8

No test, whether diagnostic or monitoring, should
be considered in isolation, but rather within the
context of the care pathway it supports. Future work
should include the evaluation of this method within its
testing pathway, with consideration of the actual conse-
quences of the provision of this test data to clinicians,
the treatment decisions made and the short and long-
term consequences of those decisions.

Automated segmentation of chorioretinal lesions
using multimodal images shows closer alignment to
traditional manual segmentation than segmentation
based on AF only, as indicated by a high Dice’s coefli-
cient. The proposed technique provides an automatic
and objective segmentation of chorioretinal lesions
that could offer much-needed quantitative measure-
ments in clinical practice as demonstrated by its perfor-
mance in lesion detection, automated area estima-
tion and progression tracking in the sight-threatening
posterior uveitis syndrome, PIC.
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