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Abstract

This thesis describes a series of investigations into the use of optic nerve head (ONH)
imaging in primary open-angle glaucoma (POAG), and its relation to visual function.
Accurate diagnosis is a key issue in POAG, particularly the difficult task of separating
those with early disease from those healthy individuals who display signs of POAG. The
purpose of this work is to improve diagnostic methods in glaucoma through use of ONH
imaging and its relationship with visual field (VF) loss.

First, the performance of a group of expert clinicians evaluating ONH photographs for
glaucomatous damage was investigated. The results showed that even when their
assessments are combined discrimination between eyes with and without POAG (based
on VF loss) is far from perfect, highlighting the need for improvements in diagnosis.

The possibility of combining structural and functional data to aid diagnosis was then
considered. This requires VF loss and ONH damage to be strongly topographically
related. The strength of this relationship was evaluated in 185 patients with POAG.
10,000 computer-generated maps between the ONH and VF were tested and the
topographic relationship measured with each of these was compared to that using a
published structure-based map. The weak topographic relationships found suggest that
the application of these maps to individual patients is limited with current measures.

The next chapter describes how a multispectral imaging (MSI, also called hyperspectral
imaging) system was set-up for spatial evaluation of ONH oxygenation using a Beer-
Lambert law model. Test-retest repeatability was tested and found to be acceptable for
the purposes of the following studies.

The MSI system was then used for an investigation of the relationship between ONH
oxygenation and VF loss. 33 eyes of 18 patients underwent VF testing, MSI and HRT3
imaging. Superior-inferior asymmetries in VF sensitivity were compared to superior-
inferior asymmetries in ONH oxygenation measured by MSI and in neuroretinal rim
(NRR) area measured by HRT3. This way we take advantage of the typical progression
of POAG and each eye acts as its own reference, negating the effect of a wide normal
range and overlap between health and disease. This study found, for the first time, a
strong association between ONH oxygenation and VF sensitivity.

A re-analysis of the 33 ONH oxygenation maps was then performed to assess
oxygenation only in the area of the NRR as defined by the HRT. Superior-inferior
asymmetries in NRR oxygenation were then compared to superior-inferior asymmetries
in VF loss, and the associations found were similarly strong. This study shows that MSI
is capable of detecting areas of NRR deemed healthy tissue by structural imaging
techniques, which are in fact poorly oxygenated and associated with VF defects.

These findings show that NRR oxygenation measured by MSI is strongly related to VF
loss. This important information complements existing technologies and may aid in the
future diagnosis and management of patients with POAG.
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1. Glaucoma

The term ‘glaucoma’ describes a group of progressive optic neuropathies characterised by
changes in the appearance of the optic nerve head (ONH, also called the optic disc in some
instances) and which give rise to specific patterns of visual field loss. Glaucoma is the world’s
second leading cause of blindness (Quigley, 1996) and accounts for over one million outpatients
appointments annually in the UK National Health Service (NHS) alone (NICE, 2009). Many
aspects of glaucoma, such as its biological basis and the factors influencing disease progression,
are not yet fully understood (Weinreb and Khaw, 2004). Treatment of glaucoma reduces the
rate of visual loss in many patients, though some types are asymptomatic until late on in the
progression of the disease when significant visual field loss has already occurred. Early
detection and treatment of glaucoma is the subject of much research due to the widespread
belief that the risk of progression to significant visual loss is reduced when treatment is initiated
at the early stages of the disease. Detection of glaucoma relies upon examination of the ONH,
retinal nerve fibre layer (RNFL), and visual field. Raised intraocular pressure (I0OP) is also a risk
factor for glaucoma and currently the only treatable one, so IOP measurement is also important
(Coleman, 1999, Boland and Quigley, 2007). It has been estimated from population-based
surveys that in developed countries around 50% of open-angle glaucoma cases are currently

undetected, and this rate is likely to be much higher in developing countries (Quigley, 1996).

1.1 Types of Glaucoma

Glaucoma may be classified based on aetiology, ocular structures, and age of onset.

1.1.1 Aetiology

Glaucoma may be primary or secondary. Glaucoma is said to be primary if there are no other
known ocular or systemic causes for glaucomatous damage; examples include primary open-
angle glaucoma (POAG), normal tension glaucoma, and primary angle-closure glaucoma.
Secondary glaucoma is usually associated with raised IOP as a result of some form of
obstruction to aqueous outflow such as in pigment dispersion syndrome, exfoliation syndrome,
some forms of uveitis, or following trauma. Secondary glaucoma may also be lens related, for

example a hypermature cataract may release proteins into the aqueous humour which can build
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up in the trabecular meshwork, obstructing aqueous outflow (phacolytic glaucoma). Secondary

glaucoma may also be drug induced, for example by steroid use.

1.1.2 Structural

Glaucoma may also be classified on the basis of the gonioscopic appearance of the anterior
chamber drainage angle. In POAG the drainage angle is open and aqueous outflow
unobstructed. It is also possible to have secondary open-angle glaucoma, in which, whilst the
drainage angle is open, there is still obstruction to aqueous outflow such as the build-up of
exfoliative material in the trabecular meshwork (exfoliation glaucoma). In closed-angle
glaucoma the anterior chamber drainage angle, and therefore aqueous outflow, is blocked by
peripheral iris tissue. This may happen by several mechanisms; commonly, a ‘pupil block’
prevents the flow of aqueous from the posterior chamber, into which it is secreted by the ciliary
body, into the anterior chamber. This is often caused by lens-iris adhesions and results in a
pressure gradient between the posterior and anterior chambers which causes a bowing forward
of the iris, blocking the drainage channel (Coleman, 1999). Alternatively, in an anatomically pre-
disposed eye with a narrow anterior chamber angle, dilation of the pupil, either in dark
adaptation or by pharmaceutical means, can cause peripheral iris to block the anterior chamber
angle preventing aqueous outflow. In certain inflammatory conditions such as anterior uveitis,
peripheral anterior synechiae may also form, blocking the anterior chamber angle (Coleman,

1999). This would be a form of secondary closed-angle glaucoma.

1.1.3 Age of onset

Whilst glaucoma is generally a disease of old-age, there are certain types of glaucoma which
occur at a much earlier age. Congenital glaucoma or buphthalmos occurs when a child is born
with a developmental abnormality such as a malformation of the trabecular meshwork which
hinders aqueous outflow. Juvenile glaucoma has onset in early childhood and is more
commonly open-angle, but often arises secondary to intraocular surgery such as following

extraction of a congenital cataract.
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1.2 Ocular Hypertension

Ocular hypertension is diagnosed when a person has IOP raised consistently above the normal
range in the absence of detectable glaucomatous damage to the ONH or visual field. Raised IOP
is commonly defined as being 22mmHg or more, however, the exact cut-off level used to define
ocular hypertension has been inconsistent in previous studies, where cut-off levels from 18 to
26mmHg have been used (Tavares et al., 2006). Patients with ocular hypertension are at
increased risk of developing glaucoma and so may be regularly reviewed by clinicians for signs
of progression to glaucoma. Figure 1.1 below shows data from the Baltimore Eye Survey, which

indicates the relative risk of POAG with increasing IOP at screening.
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Figure 1.1: Screening IOP vs. Relative Risk of POAG in the Baltimore Eye Survey (data from
Sommer et al., 1991b)

1.3 Primary Open-Angle Glaucoma

POAG is the most common type of glaucoma in the UK (Kroese and Burton, 2003). It is a chronic,
progressive, generally bilateral, but often asymmetric disease affecting adults, and is usually
asymptomatic until in advanced stages (Kroese and Burton, 2003, Coleman, 1999). Itis a
diagnostic feature of POAG that IOP is raised above 21mmHg at some point, however it should
be noted that up to 40% of people with otherwise characteristic POAG have I0OP consistently
within the normal range (Kroese and Burton, 2003). These people are historically defined as

having normal tension glaucoma. This type of glaucoma is otherwise indistinguishable from
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POAG and it should be noted that the cut-off value between ‘normal’ and ‘high’ IOP is based on
the statistically derived 97.5% probability level and the incorrect assumption that 10P in the

general population is normally distributed (Hollows and Graham, 1966). It is now accepted that
the distribution of IOP in the general population is non-Gaussian, being skewed towards higher
IOPs. The division of POAG into normal- and high-tension is therefore outdated, and IOP is now

considered to be a risk-factor rather than a diagnostic factor.

The remainder of this chapter will be centred on POAG (as this is the subject of the research in

the later chapters).

1.4 Epidemiology

In the UK, the vast majority (80-90%) of patients with glaucoma are detected by optometrists
during routine eye examination of patients attending for other ophthalmic needs such as
correction of refractive error (Laidlaw et al., 1994). Glaucoma is the second most common
cause of blindness certification in the UK (Kroese and Burton, 2003), and accounts for around
25% of ophthalmology outpatients appointments, amounting to over one-million appointments

per year in the NHS alone (Spry et al., 1999, NICE, 2009).

1.4.1 Prevalence

The prevalence of a disease is the proportion of the population with the disease at a given time.
In 1996 it was estimated that there totalled over 66 million sufferers of all types of glaucoma
worldwide, with at least 6.8 million bilaterally blind (Quigley, 1996). This figure is likely to
continually increase as a result of demographic changes and increasing life expectancy (Tuck
and Crick, 2003). A common finding amongst many epidemiological trials is that as many as
50% of people with POAG remain undetected for various reasons, though this figure may reduce
as glaucoma detection methods are improved and newer technologies are utilised more
regularly on the general population (Rudnicka et al., 2006). The variability of the definition of
glaucoma in prevalence surveys makes it difficult to compare the data between studies,
especially between studies from different parts of the world, where the distribution of the

various forms of glaucoma vary, for example in Japan where 92% of open-angle glaucoma
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patients have IOP within the ‘normal’ range (Kroese and Burton, 2003, Foster et al., 2002,

Rudnicka and Owen, 2007).

For POAG, reported prevalence ranges from 0.03% in China to 8.76% in St. Lucia (Rudnicka and
Owen, 2007). In white people aged over 40 years from Europe, Australia, and America,
prevalence is 1-3% (depending on subject age groups), whilst higher prevalence is reported in
black populations such as in Africa (3-4%), and especially the Caribbean (7-9%) (Rudnicka and
Owen, 2007, Rudnicka et al., 2006). The Baltimore Eye Study directly compared the prevalence
of POAG in whites and blacks from the same geographical area, and concluded that prevalence
was 4.3 times higher in blacks than in whites after age-adjustment (Tielsch et al., 1991). In 2006
a systematic review and meta-analysis of 46 cross-sectional studies including 2509 cases of
primary open-angle glaucoma was carried out (Rudnicka et al., 2006). The results are

summarised in Table 1.1.

Table 1.1: Estimated prevalence of POAG according to age and race (after Rudnicka et al., 2006)

Predicted Prevalence of OAG (95% Crl)

Age Range

) White Black Asian
30-39 — 1.8 (1.2-2.7) 0.4 (0.3-0.6)
40-49 0.4 (0.3-0.6) 2.9(1.9-4.9 0.6 (0.4-1.0)
50-59 0.8 (0.5-1.2) 4.6(3.1-6.8) 1.0 (0.6-1.6)
60-69 1.6 (1.1-2.5) 7.2(4.9-10.6) 1.6 (1.0-2.4)
70-79 33Q22-49 11.2 (7.6-16.1) 2.5 (1.6-3.8)
80-89 6.6 (4.4-9.7) 16.9 (11.7-23.8) 3.8(2.3-5.9
90-95 10.8(7.2-15.8) 22,5 (15.7-31.2) —

1.4.2 Incidence

The incidence of a disease describes the number of new cases occurring within a given time
period. Incidence of POAG is much more difficult to measure than prevalence, as whilst
measuring prevalence requires only a cross sectional survey, measurement of incidence
requires a cohort of subjects to be followed over a period of time. This is a particular problem
in POAG as the disease is slowly progressive and so subjects must be followed for many years if

an accurate measure of incidence is to be obtained. In general, it is not possible to simply

21



estimate incidence from age-specific prevalence because prevalence is a function of both
incidence and disease duration, between which there is no simple relationship. However it has
been suggested that irreversible but non-fatal diseases such as POAG, may be an exception to
this, and it may be possible to estimate incidence from age-specific prevalence in these cases
(Leske et al., 1981). This method has been used in several epidemiological studies since and

gives us a reasonable estimate of incidence in different age-groups and geographical regions.

In white populations at age 55 years estimates of incidence range from 4 to 24 per 10,000 per
year, and at age 75 years 20 to 28 per 10,000 per year. In black populations where prevalence
of POAG is higher, incidence is of course also greater, with rates of 30 per 10,000 per year in
those aged 40-49 years and 105 per 10,000 per year in those aged over 70 years (Leske et al.,
2001). Table 1.2 below summarises some of the main studies into the incidence of open-angle

glaucoma:

Table 1.2: The incidence of definite open-angle glaucoma in those aged over 40 years in four
major studies (after Leske, 2007)

Study, year, follow-up n* | Population | Average %/year
Dalby, Sweden, 1989, 10yrs 26 1511 0.24
Melbourne, Australia, 2002, 5yrs 12 3271 0.10
Rotterdam, The Netherlands, 2005, 6yrs | 29 6780 0.12
Barbados, West Indies, 2007, 9yrs 124 3222 0.50

*number of incident cases identified by each study

1.5 POAG Risk factors

The underlying cause and mechanisms of glaucomatous damage are currently not fully

understood, although many risk factors have been identified in epidemiological studies.
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1.5.1 Age

Older age is consistently associated with POAG (Boland and Quigley, 2007). People over 70
years old are 3-4 times more likely to develop POAG than 40-50 year olds (Mitchell et al., 1996,
Schoff et al., 2001, Mukesh et al., 2002). Older age may account for ganglion cell death by
temporal deterioration of supporting tissues, or it may simply be a measure of the length of
time a person is exposed to other risk factors (Boland and Quigley, 2007). Figure 1.2 below

shows the prevalence of POAG with age as found in two studies in the UK.
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Figure 1.2: Increasing prevalence of POAG with age (after Tuck and Crick, 2003)

1.5.2 Profile of the Individual

Whilst gender as a risk factor for POAG has previously been a controversial issue, a recent meta-
analysis of gender differences in POAG prevalence in whites found that men were 1.23 times
more likely to have POAG than women (Rudnicka et al., 2006). Ethnicity is difficult to define as a
risk factor due to the difficulty in specifying ethnic derivation in surveys. However, in general
POAG is significantly more prevalent in black (particularly Afro-Caribbean) populations than any
other, and prevalence in Asian and European populations seems similar (Boland and Quigley,
2007, Leske, 2007). Family history of POAG amongst first-degree relatives is another well-
known risk factor, although this may be affected by increased awareness and therefore

likelihood of being detected amongst first-degree relatives of POAG sufferers (Boland and
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Quigley, 2007, Leske, 2007). The lifetime risk of glaucoma has been reported to be nine times
higher in first-degree relatives of glaucoma sufferers than in controls (Wolfs et al., 1998) and
incidence of glaucoma is doubled in this population (Le et al., 2003). Risk of developing
glaucoma has been shown to be higher with sibling family history than with parental family

history, especially in twins (Nemesure et al., 1996, Gottfredsdottir et al., 1999).

1.5.3 Ocular Risk Factors

Raised IOP is consistently reported as a major risk factor for POAG, and as the only known
modifiable risk factor, it is the subject of many studies. It may be the case that both increased
IOP and increased fluctuations in IOP are independent risk factors for POAG, and IOP during
sleep has also been suggested as a risk factor (Boland and Quigley, 2007). 10P is, however,
limited as a predictor as up to half of patients with open-angle glaucoma have I0Ps consistently
within the normal range (Kroese and Burton, 2003, Leske, 2007). Figure 1.3 below shows the

nine-year relative risk of open-angle glaucoma by baseline 10P.
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Figure 1.3: Nine-year relative risk of open-angle glaucoma by baseline IOP (after Nemesure et
al., 2007)

ONH size has also been investigated as a risk factor for POAG, with larger discs being slightly
more at risk (Quigley et al., 1999). This is possibly due to a biomechanical disadvantage of
having a larger scleral opening and lamina cribrosa, but morphological studies have shown that
larger discs have more nerve fibres and so a potentially greater structural reserve which may

delay functional loss (Jonas et al., 1992). One exception to this is in black patients where the
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risk factor of commonly large ONH size is compounded by having proportionally less neuro-

retinal rim area for a given ONH area than other ethnic groups (Varma et al., 1994).

Refractive error is also a risk factor for POAG, with low myopia (<3.00D) doubling the risk, and
higher myopia tripling the risk (Mitchell et al., 1999). The association between myopia and
POAG was originally thought to be due to selection bias, with myopes more likely to attend for
eye examination, but the association has since been proved, and appears to be independent of

IOP (Rudnicka and Owen, 2007, Boland and Quigley, 2007, Mitchell et al., 1999).

Central corneal thickness (CCT) has been proposed as a risk factor for POAG (Gordon et al.,
2002). It has been found that patients with thinner CCT are more likely to first present to an
ophthalmologist with a greater level of glaucomatous damage than those with thicker CCT
(Herndon et al., 2004). There are several possible reasons for this, for example, thin CCT
artefactually reduces conventionally measured IOP so a person is likely to be referred later for
ocular hypertension (Boland and Quigley, 2007), also a thin CCT may be indicative of a thinner
and more elastic lamina cribrosa which increases the vulnerability of the optic nerve to damage
(Leske, 2007, Leske et al., 2008). This last theory is supported by the evidence that ocular
hypertensive patients (after IOP has been corrected for CCT) without glaucomatous damage
generally have thicker than average corneas, suggesting a possible protective mechanism

(Herndon et al., 2004).

1.5.4 Systemic Risk Factors

Both low and high blood pressure have previously been reported as risk factors for POAG
(Boland and Quigley, 2007). Whilst in theory a high systemic blood pressure may result in
greater capillary perfusion to retinal ganglion cells thus helping to prevent POAG, the
complications associated with systemic hypertension such as atherosclerosis probably reduce
blood flow enough to balance this out and so systemic hypertension bears no significant
relationship with POAG (Leske, 2007). However, low ocular perfusion pressure (blood pressure

minus IOP) has been associated with POAG in various studies, suggesting that systemic
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hypotension in combination with ocular hypertension bears a significant relationship with POAG

(Tielsch et al., 1995b, Bonomi et al., 2000).

Previously diabetes mellitus has been quoted as a risk factor for POAG, and it is true that
diabetics tend to have higher IOP (Tielsch et al., 1995a). However, epidemiological studies have
found no significant association between diabetes and POAG, despite the raised IOP which
would normally predispose to POAG (Gordon et al., 2002, Tielsch et al., 1995a). Because of this
some now believe that diabetes somehow protects against POAG, although the relationship

remains unclear.

Migraine and other vasospastic phenomena such as Raynaud’s disease have also been
associated with increased risk of POAG (Wang et al., 1997, Broadway and Drance, 1998). The
risk of POAG in patients with a history of migraine or severe headache has been reported as
increased by several times, particularly for POAG with lower IOP (Phelps and Corbett, 1985).
This increased risk has however been disputed, other studies finding no association between
headache and POAG (Klein et al., 1993). Any effect of migraine on POAG is thought to be due to
a vasospasm as migraine sufferers have been found to have reduced cerebral blood flow (Phelps
and Corbett, 1985). There is a logical link between vasospasm and decreased blood flow to the
ONH resulting in ganglion cell death, and it has been shown that a history of cold-induced
vasospasm or simply cold extremities is more common in certain sub-groups of POAG (those

with focal ischaemic ONH damage —discussed in chapter 2.5) (Broadway and Drance, 1998).

1.6 Treatment of POAG

POAG treatment aims to preserve visual function and thereby maintain a certain quality of life,
without causing untoward side-effects. At the present time, most treatments are directed
solely at the reduction of IOP as this is the only modifiable risk factor for the disease. A ‘target
pressure’ is set at a level below which progression is estimated to be unlikely and treatment
aims to keep IOP below this level. Of course, there is no single IOP below which progression

does not occur and so the target pressure must be regularly revised for every patient. In some
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patients it may not be possible to halt progression by lowering IOP, or it may not be possible to

achieve sufficient lowering of IOP to halt disease progression (Weinreb and Khaw, 2004).

There are three main treatment modalities in POAG: medical, laser surgery and incisional
surgery. Medical treatment is usually the primary treatment for POAG, with laser or surgical
treatment being considered when medical treatment fails to lower IOP sufficiently, the patient
experiences severe side-effects of drops, or the patient fails to comply with medical treatment

regimens (Wilkins et al., 2007).

1.6.1 Medical Treatment

Medical treatment is usually in the form of topical hypotensive agents which reduce IOP either
by increasing aqueous outflow or by reducing aqueous secretion. Prostaglandin analogues
increase aqueous outflow by the uveoscleral route and are a common first line of POAG
treatment in Europe and the USA due to their effective lowering of IOP, once-daily application,
and comparative lack of systemic side-effects (Weinreb and Khaw, 2004). Common side-effects
of prostaglandin analogues include increased iris pigmentation, darkening and thickening of the
eyelashes, and rarely cystoid macular oedema (Weinreb and Khaw, 2004). Examples of

prostaglandin analogues include Latanoprost (Xalatan™) and Travoprost (Travatan™).

Probably the second most widely used form of topical ocular hypotensive medication are -
blockers. These are effective at lowering IOP by reducing aqueous secretion but have more
serious systemic side-effects such as bradycardia, increased asthma and bronchospasm. As
such B-blockers must be used with care, especially in elderly patients. Examples of topical B-

blockers are Timolol (Timoptol™) and Betaxolol (Betoptic™).

Less commonly used as first-line therapy (due to less efficient reduction of IOP) are carbonic
anhydrase inhibitors (Dorzolamide, Brinzolamide) which reduce aqueous secretion and have
few systemic side-effects (Weinreb and Khaw, 2004). Also less effective than prostaglandin

analogues and B-blockers are a2-agonists (Brimonidine, Apraclonidine) which both decrease

aqueous secretion and increase aqueous outflow, albeit with several side-effects including
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sedation, and respiratory arrest in children (Weinreb and Khaw, 2004). Miotics (Pilocarpine),
which increase aqueous outflow, have historically been used frequently in POAG treatment but
are now less common due to the blurring of vision caused by the miosis and the greater efficacy

of other medications in lowering IOP.

Other medications currently being trialled for use in POAG include neuroprotective agents.
These are drugs already used in Parkinson’s disease and stroke which have theoretical benefits
in reducing ganglion cell death and therefore preventing progression of POAG. However, there
is no clinical evidence as yet that these drugs have any benefit in POAG and so they remain a

prospect for the future (Weinreb and Khaw, 2004).

1.6.2 Laser Treatment

Like medical treatment, laser treatment for POAG aims to reduce IOP either by means of
increasing aqueous outflow, or by decreasing aqueous secretion. There are two main types of
laser treatment for POAG: laser trabeculoplasty, and laser diode cyclophotocoagulation

(cyclodiode).

Laser trabeculoplasty (selective or argon) is the most widely used laser treatment in POAG. The
procedure involves laser light being directed at the trabecular meshwork inducing a biological
change to facilitate aqueous outflow (Weinreb and Khaw, 2004). A high proportion of patients
respond to this treatment within the first few months, but most will gradually lose this effect

(Weinreb and Khaw, 2004).

Cyclodiode laser tends to be used in advanced POAG when other medical and surgical
treatments have failed (Weinreb and Khaw, 2004). Laser light is directed through the sclera and
is preferentially absorbed by the ciliary processes which are damaged, reducing aqueous
secretion (Weinreb and Khaw, 2004). Cyclodiode laser treatment is somewhat unpredictable,

usually has a temporary effect, and often needs to be repeated (Weinreb and Khaw, 2004).
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1.6.3 Surgical Treatment

Surgical treatment for POAG aims to reduce IOP by increasing aqueous outflow. The most
common surgical procedure is trabeculectomy, which involves the creation of a drainage
channel through the full thickness of the sclera into the sub-conjunctival space. The outer sclera
is loosely replaced over the channel to create a ‘guarded sclerostomy’ which allows aqueous to
drain from the anterior chamber, collecting under the conjunctiva, whilst providing resistance to

prevent hypotony.

Whilst trabeculectomy is rarely performed as a primary treatment for POAG, studies have
shown that the risk of failure of trabeculectomy is increased with prolongued hypotensive
medication, so surgery, if it is necessary, is normally considered within 1-2 years of starting
medical treatment (Wilkins et al., 2007). The main reason for failure of trabeculectomy is
fibrosis or healing of the conjunctiva over the scleral flap, preventing aqueous flow out of the
flap (Wilkins et al., 2007). In recent years the use of antimetabolites such as 5-Fluorouracil and
Mitomycin C which were originally developed as anti-cancer drugs to prevent this fibrosis has
halved the failure rate of trabeculectomy in patients considered at risk of this complication

(Wilkins et al., 2007, Weinreb and Khaw, 2004).

Following trabeculectomy failure other forms of surgery, most commonly the Molteno Tube,
may be considered (Wilkins et al., 2007). In this form of surgery aqueous is allowed to flow out
through a tube into the subconjunctival space, though hypotony can be a problem if too much
aqueous is allowed to flow out (Wilkins et al., 2007). As an alternative to trabeculectomy, non-
penetrating glaucoma surgery may be considered. These procedures (the most common being
deep sclerectomy) are similar to a trabeculectomy except no sclerostomy is created. This
technique has been reported to lower IOP (though not as efficiently as trabeculectomy) with

fewer post-operative complications (Wilkins et al., 2007).
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1.7 Recent Major Glaucoma Related Trials

1.7.1 The Ocular Hypertension Treatment Study (OHTS)

This multicentre prospective study compared rate of conversion to POAG in ocular
hypertensives with and without topical hypotensive medication. Patients were followed up
biannually for at least five years, with the primary outcome measure being reproducible visual
field or ONH damage. Treated patients had a mean IOP reduction of 22.5%, compared to 4%
reduction in non-treated controls (Kass et al., 2002). With this treatment a 50% reduction in risk
of progression to POAG was found, however, over 90% of untreated patients did not convert to
POAG during the study period (Kass et al., 2002). The study had a large number of participants
and careful follow-up but has since been criticised for its relatively small number of POAG end-
points, a number of which had questionable ‘normal’ status at baseline. Also some of the
participants were found to have corneas thick enough to explain their high tonometry readings,
which when corrected were actually below the study inclusion criteria. The study highlights the
fact that it is not necessary to treat most ocular hypertensives, and that it is necessary to look at
the whole risk profile of the patient rather than just IOP when considering treating ocular

hypertension.

1.7.2 Collaborative Initial Glaucoma Treatment Study (CIGTS)

This was a randomised clinical trial on 607 newly-diagnosed POAG patients who were treated to
obtain a pre-determined reduction of IOP, either by topical medication or trabeculectomy. The
main outcome variables investigated were visual field loss and quality of life. After follow-up of
4-5 years no significant difference was found in visual field loss or quality of life between the
two treatments, although IOP was further reduced by trabeculectomy (Lichter et al., 2001).
Although this study proves the efficacy of medical treatment, it has been widely criticised as
follow-up was too short and disease too mild to show significant differences in progression
between the two groups. It has also been criticised for a lack of standardisation in the

treatments given.

30



1.7.3 Collaborative Normal Tension Glaucoma Study (CNTGS)

Treatment versus no treatment in normal tension glaucoma was compared in this multi-centre
randomised trial, with disease progression being monitored over 5-7 years as the primary
outcome measure. Progression occurred in 12% of treated eyes and 35% of controls, which
may be because progression was IOP related in a proportion of the treated eyes (Schulzer et al.,
1998). What proportion of the untreated eyes would not have progressed if treated is not
known. The study had a wide range of patients (excluding only very advanced glaucoma) and
good baseline measurements were obtained (at least three consistent visual field plots).
However, IOP measurements were not corrected for central corneal thickness, patients were
included with IOP up to 24mmHg which is higher than the standard definition of normal tension
glaucoma, and whilst disc haemorrhage was used as an inclusion criteria for progression it was
not used as an outcome measure. There may also be an issue that patients with severe visual
field defects may have reached the limit of their measurable progression and may not progress

further (Traverso et al., 2003).

1.7.4 Advanced Glaucoma Intervention Study (AGIS)

Another multi-centre, prospective, randomised study, this time of patients with advanced POAG
which cannot be controlled with medical therapy alone. Patients were randomised to two
laser/surgical treatment sequences and followed-up at six-monthly intervals for 4-7 years. The
study found that eyes which had IOP <18mmHg at every follow-up visit showed no significant
visual field progression, whilst eyes with IOP >18mmHg at any point during follow up all showed
evidence of visual field progression (Van Veldhuisen et al., 2000). This suggests that both low
IOP and low fluctuation of IOP can prevent progression of visual field loss in advanced
glaucoma. However, the study used only one visual field test as a baseline, and the spread of
visual field progression was very small, achieving statistical significance only by the large

number of participants.

1.7.5 Early Manifest Glaucoma Trial (EMGT)
This randomised trial was the first study of treatment vs. no treatment in Caucasian patients
with early, previously untreated, POAG; outcome measures being clear visual field progression

or glaucomatous ONH damage. The study found that a 25% decrease in IOP and a maximum
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absolute IOP of 25mmHg reduced risk of disease progression by 50%, and that risk of
progression decreased by 10% with every mmHg of IOP reduction from baseline to initial follow-
up (Heijl et al., 2002, Leske et al., 2003). Some untreated patients, however, had not
progressed at all after several years of follow-up, supporting the idea that patients with lower

risk of progression may be monitored untreated (Traverso et al., 2003).
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2. The Optic Nerve Head

2.1 The Healthy Optic Nerve Head

Axons of retinal ganglion cells (RGCs) form the innermost layer of the retina, the RNFL. These
axons converge on the ONH to form the approximately one million nerve fibres of the optic
nerve. These fibres then leave the eye after traversing the lamina cribrosa, a series of
perforated sheets of connective tissue, and synapse in the lateral geniculate nucleus of the

brain. (Weinreb and Khaw, 2004)

The circumferential convergence of RGC axons on the ONH leaves a physiological central
depression called the cup which is usually visible ophthalmoscopically. The area surrounding
the physiological cup is the neuroretinal rim (NRR), made up primarily of ganglion cell axons.

(Weinreb and Khaw, 2004)

Healthy ONHs vary widely in area, with a mean of 2.69+0.70mm? (Jonas et al., 1988). It has a
vertically oval shape with mean vertical diameter 1.92+0.29mm and mean horizontal diameter

1.7620.31mm (Jonas et al., 1988).

The normal optic cup is generally round or horizontally oval. The NRR follows the ‘ISNT’
configuration, whereby it is thickest inferiorly, followed by superiorly, nasally, and thinnest
temporally (Jonas et al., 1988). Three main types of optic cup have historically been reported: a
small central ‘dimple’ cup, usually seen in smaller discs, a larger round ‘punched-out’ cup which
has steep borders and is usually seen in larger discs, and cups with a gradually sloping temporal
wall which tend to be in average sized discs (Jonas et al., 1988). The cup/disc (C/D) ratio in
healthy optic discs ranges enormously from 0.00 to 0.85 (mean 0.34+0.25) vertically, and from
0.00 to 0.87 (mean 0.39%0.28) horizontally, with larger optic discs and ‘punched-out’ cups

tending to have larger C/D ratios which may be outside this range (Jonas et al., 1988).
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2.2 Blood Supply to the Optic Nerve Head

Accurately describing the blood supply to the ONH is not a trivial task, not least because of the
necessary complexity of a system which must supply nutrients to a variety of ocular structures
without compromising the visual pathway. Many authors have used different techniques both
in-vivo and post-mortem to evaluate the vasculature and the limitations of these techniques
make direct comparison between studies difficult. Also, there exists a huge variation in patterns
of ONH blood supply between individuals. In a study of 100 human eyes, for example, no two
eyes were found to have identical patterns of ONH blood supply (Singh and Dass, 1960).
Nevertheless, the ONH can be broadly thought of, in terms of blood supply, as consisting of four
distinct regions, described in the anterior-posterior direction below (Flammer et al., 2002,
Hayreh, 2001). Figure 2.1 below is a schematic diagram of the blood supply to the optic nerve,

and figure 2.2 gives a more detailed view of the ONH blood supply.

Figure 2.1: Schematic representation of the optic nerve blood supply (after Hayreh, 1974).
Abbreviations (clockwise from top left): R=retina, C=choroid, S=sclera, PCA=posterior ciliary
artery, Col.Br.=collateral branches, D=dura, A=arachnoid, ON=optic nerve, SAS=subarachnoid

space, CRV=central retinal vein, CRA=central retinal artery, LC=lamina cribrosa, PR=prelaminar
region
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Figure 2.2: Schematic representation of the ONH blood supply (after Hayreh, 1978).
Abbreviations (clockwise from top right): NFL=nerve fibre layer, RA=retinal arteriole,
PLR=prelaminar region, LC=lamina cribrosa, CRA=central retinal artery, ON=optic nerve, P=pia,
PCA=posterior ciliary artery, S=sclera, C=choroid, R=retina.

2.2.1 Surface Nerve Fibre Layer

This most anteriorly superficial region of the ONH is supplied mainly (or often solely) by small
branches of the central retinal artery which become retinal arterioles as they leave this area. In
some cases the temporal part of this region is supplied by the posterior ciliary artery circulation

from deeper regions.

2.2.2 Prelaminar Region
The region between the surface layer and the lamina cribrosa is supplied by small branches

from the peripapillary choroid and short posterior ciliary arteries.

2.2.3 Lamina Cribrosa Region
This region is supplied by branches from the short posterior ciliary arteries, either directly or
from the Circle of Haller and Zinn which, when present, is formed by the short posterior ciliary

arteries.
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2.2.4 Retrolaminar Region

The region immediately posterior to the lamina cribrosa often receives blood from two sources.
The first source is from the pial vascular plexus and is present in all cases. The second source is
more inconsistent; in some cases the axial centrifugal vascular supply, which is derived from

branches of the central retinal artery may also contribute blood to this area.

Drainage of the ONH is solely via the central retinal vein except in the prelaminar region where

there is also some drainage into the peripapillary choroidal veins.

2.3 The Optic Nerve Head in Glaucoma 1 -Mechanisms of Damage

POAG is a neurodegenerative disease characterised by the slow, progressive degeneration of
RGCs with increasing excavation of the optic cup (Weinreb and Khaw, 2004). The exact
mechanisms by which this occurs are poorly understood, and it is thought that POAG is a
multifactorial disease. The level of IOP is without doubt related to death of RGCs in at least
some POAG patients, but this alone cannot account for all cases of POAG, as up to half have
normal IOPs and some continue to progress despite well controlled IOP (Weinreb and Khaw,
2004, Fechtner and Weinreb, 1994). There are several theories of how glaucomatous damage
occurs, the main ones being broadly described as the mechanical theory and the vascular theory

(although it should be remembered that these two theories are not mutually exclusive).

2.3.1 Mechanical Theory of Damage
Congenital, angle closure and secondary glaucomas show that in many patients raised IOP alone
is sufficient to lead to glaucomatous optic neuropathy. The mechanical theory relates to the

direct effect of raised IOP on the ONH and RNFL.

The role of IOP as a risk factor may be due to mechanical compression of RGC axons disrupting
axoplasmic transport, or altered support of RGC axons due to pressure induced distortion of the
lamina cribrosa (Fechtner and Weinreb, 1994, Flammer et al., 2002). Although risk of glaucoma
increases with IOP some eyes seem more resistant to high IOP than others. This may be due to
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differences in lamina cribrosa structure between individuals (Fechtner and Weinreb, 1994).
Pressure-induced changes in extracellular matrix and glial tissue have also been reported in
glaucoma, but it is currently unclear whether this is a cause or effect of glaucomatous damage

(Fechtner and Weinreb, 1994).

The role of IOP is supported by the beneficial effect of IOP lowering treatment, even in normal-

tension glaucoma patients (Collaborative Normal-Tension Glaucoma Study Group, 1998).

2.3.2 Vascular Theory of Damage

The ocular circulation is highly regulated in order to meet the changing metabolic needs of
ocular structures under changing visual stimulation, and with varying perfusion pressure. Under
normal conditions reduced perfusion pressure or increased metabolic demand is compensated

for by a reduction in resistance to flow by alterations in blood vessel diameter (autoregulation).

Comparing studies of ocular circulation in glaucoma is difficult due to the inclusion of patients at
different stages of different types of glaucoma in various studies, however generally studies
agree that there is reduced ocular perfusion in glaucoma patients (Flammer et al., 2002). Itis
also the case that there is a generalised reduction in blood flow (involving the ONH, choroidal
and retinal circulation) in glaucoma patients (Michelson et al., 1998a, Michelson et al., 1998b),
which is more marked both in those with lower IOP (Drance et al., 2001) and those with more
rapidly worsening visual field loss (Yamazaki and Drance, 1997). This reduction in blood flow is
unlikely to be purely a secondary effect of mechanical factors in glaucoma as it is not confined
to the eye; retrobulbar and even peripheral blood flow is also reduced in many patients with
glaucoma (Gasser and Flammer, 1991). A study of low-tension glaucoma patients using
magnetic resonance imaging found that there was an increased rate of diffuse cerebral small-
vessel ischaemic changes in these patients compared to controls, further suggesting a vascular

cause for glaucoma, at least in a subgroup of patients (Stroman et al., 1995).

There is some evidence in support of a failure of autoregulation mechanisms in glaucoma. For

example, glaucoma patients more often suffer from vasospastic conditions than controls

37



(Gasser and Flammer, 1991), and vasospasm is associated with progressive glaucoma (Ghergel
et al., 2000). Indeed, it has been suggested that in some patients glaucoma is an ocular
manifestation of primary vasospastic syndrome (Ghergel et al., 2000). Vasospasm may be
considered an independent risk factor for glaucoma, but it should also be regarded as

potentially making the eye more susceptible to IOP-related damage.

Another possible factor in glaucomatous damage is reperfusion injury (Flammer et al., 2001),
caused by the production of free radicals during reperfusion of temporarily ischaemic tissue
leading to a significant increase in oxidative stress. This is consistent with evidence showing
that IOP fluctuation is more strongly correlated to progression of visual field damage than mean

IOP.
2.4 The Optic Nerve Head in Glaucoma 2 -Signs of Damage

2.4.1 Cup/Disc (C/D) Ratio

Classically, the measurement or estimation of C/D ratio has been a mainstay of glaucoma
assessment, with a large C/D ratio being a common sign of POAG. When assessing C/D ratio a
major consideration is the size of the ONH itself. As shown in figure 2.3, physiological cup size
increases with disc size, meaning that whilst a C/D ratio of 0.55 may be perfectly normal in a
large disc, it could also be pathological in a small disc. In population based studies it has been
found that less than 2.5% of healthy eyes have C/D ratio greater than 0.7 (assuming a Gaussian
distribution), but it is important to note that this alone is not particularly useful in glaucoma
assessment (Garway-Heath et al., 1998) and that using a cut off of 0.5 still only yields a 52%
sensitivity and 89% specificity for detection of POAG in the general population (Garway-Heath
et al., 1998). It should also be noted that this is a difficult area to study as there is considerable
inter-racial variability in ONH size so results are highly dependent on the population studied. As
glaucomatous damage has been shown to preferentially affect the superior and inferior NRR, it
is usual to assess the C/D ratio in the vertical meridian as this is logically more sensitive to
glaucomatous damage. Another problem with using C/D ratio in glaucoma assessment is inter-

observer variability, which can be reduced by using a stereo method to view the ONH (Garway-

38



Heath et al., 1998). There is also a small but significant non-pathological increase in cup size

with age (Garway-Heath et al., 1998).
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Figure 2.3: Plot of vertical C/D
ratio against vertical ONH
diameter in (A) control subjects
and (B) glaucoma patients.

Solid curve: ONH size dependent
mean

Broken curve: ONH size
dependent upper limit of normal

Dotted line: ONH size
independent upper limit of normal

(after Garway-Heath et al.,1998)

In assessing an ONH for POAG it is important to consider the appearance of the NRR; indeed,

due to the wide variation of C/D ratios in normals, changes in NRR width and shape may provide

more useful information in diagnosis of POAG (Susanna and Vessani, 2007). In healthy eyes, the

NRR width follows a characteristic ISNT’ configuration as previously mentioned, and an ONH of

normal shape which does not obey the ISNT rule must be viewed as suspected POAG

irrespective of cup size. Arecent study has shown that the ISNT rule holds true in 78% of
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normal eyes and is broken in 72% of glaucomatous eyes (Harizman et al., 2006). In POAG, NRR
is lost in all sectors of the disc with regional preferences, depending on the stage and type of
disease (Jonas et al., 1999). In early POAG NRR loss occurs predominantly in the infero-
temporal and supero-temporal areas, followed later by the temporal area, and finally the nasal
area as the disease progresses (Jonas et al., 1999). Figure 2.4 illustrates some of the more
common progressions of glaucomatous ONH damage. Pallor of the NRR more often suggests a

non-glaucomatous optic neuropathy (Jonas et al., 1999, Susanna and Vessani, 2007).

Hermal OHH

loss, (C) Superior and inferior
polar NRR notching, (D) Focal
NRR loss/notch (after Traverso
et al., 2003)

Figure 2.4: lllustration of four
common progressions of
glaucomatous damage: (A)
Combined localized and diffuse
NRR loss, (B) Concentric NRR

2.4.3 Blood Vessels
Various changes in ONH blood vessels have been reported as subtle signs of POAG. These
include baring of a circumlinear vessel, ‘flyover’ vessels, ‘bayonetting’, focal and diffuse thinning

of arterioles, and nasalisation of larger blood vessels. These are all non-specific to POAG but
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should serve to alert the clinician to the possibility of glaucomatous damage, or aid in the

assessment of unusual ONHs.

A far more specific vascular sign of POAG is ONH margin haemorrhage (figure 2.5). These flame
or splinter shaped haemorrhages are very rarely found in normal eyes, but are found in 4 to 7%
of glaucomatous eyes (Jonas et al., 1999, Susanna and Vessani, 2007). They are often subtle
and easily missed but usually occur at the supero- or infero-temporal ONH margins (Jonas et al.,
1999, Susanna and Vessani, 2007). Haemorrhages are commonly associated with localised
areas of RNFL loss or NRR notching and are 99% specific to POAG, even in cases without

measurable visual field loss (Jonas et al., 1999, Susanna and Vessani, 2007).

It has been shown in several studies that the presence of spontaneous venous pulsation (SVP) at
the ONH is reduced in POAG (Nicolela, 2007). SVP is present in 98% of healthy subjects and only
50% of those with POAG (Morgan et al., 2004). It has been suggested that the reason for this is
an increased resistance to blood flow in the central retinal vein as it exits the eye; this
explanation also being applicable to the increased risk of central and hemiretinal vein

occlusions, and the ONH haemorrhages observed in POAG (Nicolela, 2007).

Figure 2.5: lllustration of an
inferior splinter haemorrhage
(after Traverso et al., 2003)

Splinter ——
Hemorrhage

2.4.4 Lamina Cribrosa
Another non-specific sigh of POAG is the visualisation of lamina cribrosa pores. Whilst more
common in glaucomatous eyes, these pores are also visible in many normal eyes with large

physiological cups (Susanna and Medeiros, 2006). It has also been proposed that the shape of
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the pores relates to the severity of visual field damage, with greater ovalisation correlating to

more severe visual field loss (Susanna and Medeiros, 2006).

2.4.5 Peripapillary Atrophy

Peripapillary chorioretinal atrophy (PPA) is the thinning and degeneration of the chorioretinal
tissue surrounding the ONH. PPA can be divided into two areas, a more peripheral zone a and a
central zone B (figure 2.6). a—PPA is characterised by a region of irregular hyper- and hypo-
pigmentation of the retinal pigment epithelium and intimated thinning of the chorioretinal
tissue layer. a—PPA is present in many normal eyes as well as glaucomatous eyes, but its size
and frequency is increased in POAG, and is related to stage of disease (Jonas et al., 1989,
Susanna and Vessani, 2007). B-PPA is characterised by RPE and choriocapillaris atrophy leading
to visibility of large underlying choroidal blood vessels and sclera. B-PPA is much more common
in glaucomatous eyes than in normals and its extent is again related to stage of disease (Jonas et
al., 1989, Susanna and Vessani, 2007). As such, B-PPA can be a sign of POAG, and it is specific to
POAG in that non-glaucomatous optic neuropathy is not associated with increased PPA
(Susanna and Vessani, 2007). PPA must however be distinguished from the scleral crescent

present in highly myopic eyes and those with tilted discs.

Beta Zone

Figure 2.6: lllustration of a- and B-
PPA (after Traverso et al., 2003)

Alpha Zone

2.4.6 Retinal Nerve Fibre Layer
As the RNFL is damaged in POAG a general decrease in brightness can be seen by
ophthalmoscopy, associated with an increased clarity of underlying retinal blood vessels.

Localised loss of RNFL occurs in around 20% of glaucomatous eyes and appears as wedge-
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shaped dark areas emanating from the ONH (Susanna and Vessani, 2007). These signs are,
however, non-specific and can occur due to non-glaucomatous optic neuropathy. It should also
be noted that there is a physiological decrease in RNFL visibility with age (Susanna and Vessani,

2007).

2.5 The Optic Nerve Head in Glaucoma 3 -Types of Damage

It has been suggested that there are different types of glaucomatous ONH damage, each caused
by slightly different mechanisms with commensurate variations in functional loss. Whilst the
majority of glaucomatous discs appear to have features of two or more disc types, possibly as a
result of combined pathological processes, four types of glaucomatous optic disc have been
proposed: focal, myopic, senile sclerotic, and generalised optic cup enlargement (Broadway et

al., 1999).

2.5.1 Focal Glaucomatous Optic Disc (Type 1)

Discs of this type are characterised by focal loss of tissue leading to ‘notching’ of the NRR.
Notching tends to occur in smaller discs, emanates from the optic cup, and may or may not
reach the disc margins (Broadway et al., 1999). Eyes with this type of glaucomatous damage
usually have associated localised visual field defects (although these may be in combination
with diffuse defects) and flame haemorrhages (Broadway et al., 1999). The predominance of
superior field defects in glaucoma corresponds to a predominance of infero-temporal focal
notching (Broadway et al., 1999). It has been suggested that focal damage of this type may
occur due to a localised area of weakness in the lamina cribrosa, or a localised vascular event
such as might cause an associated flame haemorrhage (Fechtner and Weinreb, 1994). Figure
2.7 shows an example of a typical focal glaucomatous optic disc with infero-temporal loss of

NRR.
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Figure 2.7: Focal Glaucomatous (Type
1) ONH showing inferior focal NRR loss
(after Broadway et al., 1999)

2.5.2 Myopic Glaucomatous Optic Disc (Type 2)

Discs of this type are tilted due to oblique entry of the optic nerve to the eye, have a temporal
crescent of PPA, and usually show superior or inferior thinning of the NRR (Broadway et al.,
1999). Myopic glaucomatous discs also show localised visual field loss which is often associated
with a diffuse loss, however the localised defects do not show the same degree of superior
predominance as in focal glaucoma (Broadway et al., 1999). Figure 2.8 shows a typical myopic
glaucomatous optic disc, tilted with a temporal crescent of PPA, the disc exhibits thinning of the

superior and inferior NRR.

Figure 2.8: Myopic glaucomatous
(Type 2) ONH with polar notching,
tilted appearance and temporal PPA
(after Broadway et al., 1999)

2.5.3 Senile Sclerotic (Atrophic Glaucomatous) Optic Discs (Type 3)

In this type of disc, which occurs mainly in older patients, diffuse NRR tissue loss results in a
reduction of rim tissue density without rim area or volume loss (Broadway et al., 1999).
Typically a ‘moth-eaten’ appearance is visible, along with saucerisation of the cup (enlargement
of a shallow cup with sloping margins). These discs are usually associated with a complete ring

of PPA and are usually larger in size (Broadway et al., 1999). Non-specific visual field loss
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results, but this is rarely dense and does not commonly threaten fixation (Broadway et al.,
1999). Itis possible that this type of damage occurs as a result of a generalised reduction in
blood flow to the ONH (Fechtner and Weinreb, 1994). Figure 2.9 shows a typical senile sclerotic

glaucomatous optic disc. It has a complete ring of PPA and a shallow, saucerised cup.

Figure 2.9: Senile sclerotic (Type 3)
glaucomatous ONH with diffuse
thinning of NRR and complete ring
of PPA (after Broadway et al.,
1999)

2.5.4 Generalised Enlargement of the Optic Cup (Type 4)

These discs are characterised by enlarged, round cups, without moth-eaten appearance of the
remaining NRR tissue (Broadway et al., 1999). This tends to occur in moderate to large discs,
and those with larger physiological cups (Broadway et al., 1999). This type of disc damage
results in variable and often ill-defined field loss, and is associated with significantly higher pre-
treatment IOP than other types (Broadway et al., 1999). It has been proposed that this type of
damage occurs due to the mechanical effect of raised IOP causing distortion of the lamina
cribrosa, which impinges on retinal ganglion cell axons (Fechtner and Weinreb, 1994). Figure

2.10 shows a glaucomatous disc with generalised, concentric enlargement of the optic cup.

Figure 2.10 Glaucomatous ONH
with generalised cup enlargement
(Type 4) (after Broadway et al.,
1999)
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3. Current Optic Nerve Head Imaging Methods in
Glaucoma

3.1 Traditional Methods

3.1.1 Direct and Binocular Indirect Ophthalmoscopy

Traditionally the direct ophthalmoscope has been the most popular instrument for examination
of the ONH. It provides an easy and accessible way for clinicians to view the ONH, usually
without pupil dilation, and it can be used on any patient including those unable to reach table-
mounted instruments such as slit lamp biomicroscopes. Direct ophthalmoscopy provides an
upright and magnified non-stereoscopic image of the ONH and the projected size of the
ophthalmoscope aperture onto the retina can be used as a reference for subjective evaluation
of ONH size. In many situations such as domiciliary visits and most general medical
practitioner’s surgeries the direct ophthalmoscope may be the only practical method of viewing

the ONH.

More recently slit lamp binocular indirect ophthalmoscopy, whereby a slit lamp biomicroscope
is used in conjunction with a high powered convex lens to view the retina has become the
standard method for ONH examination. The view obtained by this method is inverted and
maghnified, but importantly, through a dilated pupil it is binocular, allowing stereoscopic
evaluation of the ONH. As the ONH is a three-dimensional structure this is a great advantage
and widely regarded as the most accurate method of disc assessment. The vertical slit height
adjustment in conjunction with the graticule on the slit lamp can also be used with a correction

factor for magnification to estimate the size of structures such as the ONH.

3.1.2 Fundus Photography

Modern fundus cameras are indirect ophthalmoscopes with a photographic capability that gives
high-resolution images of the ONH and surrounding retina creating a permanent record for
future comparison, useful in detecting change. By taking two photographs from slightly

different angles it is possible to create a stereo pair which can be viewed using binocular
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techniques to obtain a three-dimensional image. With the latest software, magnification
corrected measurements can be taken from photographs but evaluation of images is still

subjective.

3.2 Newer Technologies

The ability of clinicians to discriminate between healthy and glaucomatous eyes based solely on
the subjective evaluation of ONH appearance is limited (Abrams et al., 1994), yet this
assessment is essential in the diagnosis of POAG, especially as ONH changes often precede
detectable visual field loss (Sommer et al., 1991a, Chauhan et al., 2001). As a result of this, the
use of imaging systems to aid diagnosis and follow-up of POAG is becoming more widespread.
Studies have shown that whilst none of these systems are likely to perform better than a
glaucoma specialist clinician viewing stereo-photographs, they can all perform at a similar level,
and have the potential to aid detection and monitoring of POAG (Reus et al., 2007, Medeiros et
al., 2004, Lin et al., 2007). Unfortunately methodological differences between studies in an area
that is fraught with potential biases make direct comparisons of diagnostic ability between
instruments very difficult. Furthermore, whilst very high sensitivity and specificity estimates are
quoted for these instruments it is often the case that studies only include those with marked
structural or functional damage. This means that those cases where diagnosis is difficult and
where these instruments could be most useful are excluded, and as such these estimates of
diagnostic performance are probably not applicable to general clinical use. Objective
techniques such as these may be more useful in detection and monitoring of progressive
structural damage (Artes and Chauhan, 2005), however evidence for this is currently limited due
to the difficulty of collecting and interpreting longitudinal data in a rapidly evolving field (Artes,

2008).

3.2.1 Optical Coherence Tomography

Optical Coherence Tomography (OCT) is a non-invasive method of producing high definition,
two or three dimensional images at high speed, and can be thought of as analogous to
ultrasound but using light rather than sound. Low-coherence interferometry is used to measure
echo time delay and magnitude of reflected or backscattered light. Transverse scanning then

allows false-colour or greyscale cross-sectional imaging of tissues. The latest commercial ultra-
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high resolution OCT scanners are capable of imaging to an axial resolution of less than 5um,
though transverse resolution is far inferior to standard fundus photography. The glaucoma
algorithm built-in to the latest models measures RNFL thickness along a 3.4mm diameter circle
centred on the ONH, which can be presented graphically, as well as in a spreadsheet format
where measurements are given for each quadrant and clock hour. For this analysis, studies
have shown the superior and inferior quadrants to be the most useful in detecting
glaucomatous damage, and comparison of the symmetry between superior and inferior RNFL
thickness to have 95% sensitivity at 100% specificity for detection of POAG with visual field loss
or clear glaucomatous ONH damage (Hougaard et al., 2004). The OCT also produces 3-
dimensional images and topographic measurements of the ONH itself, based on 6 radial scans
for which the most sensitive analysis appears to be the ‘integrated rim volume’, which performs
at a similar level to RNFL analysis (Lin et al., 2007). Area under receiver operating characteristic
(ROC) curves for detection of glaucomatous visual field damage has been reported as 0.90 to

0.96 in various studies using the highest performing OCT measurements (Lin et al., 2007).

3.2.2 Scanning Laser Polarimetry

Scanning laser polarimetry is currently commercially available as the GDx VCC (Carl Zeiss
Meditec, USA). The instrument measures peripapillary RNFL thickness by assessing the change
in polarisation of a laser beam reflected back from the retina. This change in polarisation occurs
due to the birefringent properties of the RNFL, and transverse and longitudinal scanning with a
780nm wavelength laser produces an image of the ONH and peripapillary retina. The device
measures RNFL thickness across the entire image, and thickness along a 3.2mm diameter
annulus around the ONH is represented graphically. Consecutive scans can be assessed for
progression, based on the RNFL thickness measurements across the entire image, and RNFL
thickness in single scans is compared to a normative database. One advantage of the GDx VCC
is that one of the measurements provided (the nerve fibre indicator) is a single number which
aims to give the likelihood of glaucomatous RNFL damage. This is based on the entire image

and allows for easy interpretation.
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The main problems with scanning laser polarimetry are poor axial resolution (approx 100um)
and corneal birefringence which contributes to the change in polarisation of the laser signal.
Early versions of the GDx had fixed compensation for this but there is significant variation in
corneal birefringence between individuals, as well as change over time. The GDx VCC (variable

corneal compensation) incorporates individual compensation to counter corneal birefringence.

In the majority of studies of the GDx VCC the highest performing parameter was the nerve fibre
indicator, with area under ROC curves quoted from 0.87-0.94 (Lin et al., 2007). Sensitivity for
detecting glaucoma has been quoted as high as 91.7% at 95% specificity, which was slightly
better than glaucoma specialist clinicians viewing stereo-photographs in the same study (Reus
et al., 2007), although images were selected on the basis of subjectively ‘normal’ or

‘glaucomatous’ discs, thus eliminating discs which may be difficult to classify .

3.2.3 Confocal Scanning Laser Ophthalmoscopy

In confocal scanning laser ophthalmoscopy (CSLO) the reflected image of a 670nm diode laser
scanned across an area of the fundus, is captured as a 2-dimensional scan. The laser beam
focus and a confocal aperture are moved in the anterior-posterior direction to obtain a series of
32 images that are then aligned to form a 3-dimensional image of the ONH and surrounding
area. Changes in reflectance intensity are used to create a topographic map and produce ONH

parameters, most of which also require the manual input of a user-defined ONH margin.

CSLO is commercially available in the Heidelberg Retina Tomograph (HRT), currently in its third
incarnation (Heidelberg Engineering GmbH, Heidelberg, Germany). Algorithms which aim to aid
glaucoma diagnosis such as Moorfields Regression Analysis (MRA) and the more recently
developed Glaucoma Probability Score (GPS) are included in the instrument’s software package.
MRA compares the neuroretinal rim area in six sectors of the optic disc to a normative database
(Garway-Heath and Hitchings, 1998) after taking into account subject age and ONH area,
reporting on whether the NRR is within (larger than 95" percentile of normative data),
borderline (between 95" and 99.9" percentile of normative data) or outside (less than 99.9"

percentile of normative data) normal limits. GPS uses a machine-learning classification system
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based on the three-dimensional shape of the ONH and peripapillary RNFL, compared to
databases of healthy and glaucomatous eyes, reporting probability of damage in ONH sectors
similar to MRA. For MRA the reported sensitivity in various studies varies from 58-80% at 95%
specificity (Lin et al., 2007), with the wide variation being due to difficulties in defining inclusion
criteria as well as outcome measures in study populations. Diagnostic performance of GPS is
similar to that of MRA, however results sometimes differ in the same eye due to the different
parameters measured (Coops et al., 2006). MRA and GPS have also been reported as varying
widely with variations in optic disc size, producing a high number of false positives in larger
discs, and having low sensitivity for detection of POAG in smaller discs (Coops et al., 2006)
however this disc size dependence can be reduced through the use of quantile regression to set
normative limits (Artes and Crabb, 2010). However, HRT diagnostic parameters are comparable
to glaucoma specialist clinicians viewing stereoscopic photographs in their ability to

differentiate between normal and glaucomatous discs (Reus et al., 2007).

The HRT also incorporates a dedicated tool for detection of progression which has been shown
to detect glaucomatous change in ONHs not detectable by perimetry (Chauhan et al., 2000,
Chauhan et al., 2001, Artes and Chauhan, 2005). Whilst there is considerable overlap, visual
field measurement may also detect progression not detectable by HRT, and so used together,

the two instruments complement each other in the clinical detection of POAG progression.

3.3 Techniques for measurement of optic nerve head blood flow

and oxygenation

Due to the associations between vascular changes and glaucoma discussed in section 2.3.2
there is considerable interest in measuring ONH perfusion and oxygenation in glaucoma. Many
techniques have been used, and there is no single technique able to provide all the relevant
information. Since there are so many techniques, and since different techniques measure
different aspects of ocular perfusion at different points in the eye making comparisons difficult,
only the most pertinent techniques for measurement of ONH perfusion in glaucoma will be

discussed here.
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3.3.1 Angiography

Fluorescein Angiography photographically records the passage of fluorescent dye through
ocular blood vessels. Due to the presence of tight junctions in the endothelium of retinal
vessels the injected fluorescein is unable to pass out of the vessels in the healthy eye enabling
visualisation of retinal circulation in detail and ONH circulation to some extent (Flammer et al.,
2002). Some quantification of arterial-venous passage time is possible but this may not be well
related to ocular blood flow (Tomic et al., 2001). As such angiography is infrequently used in

glaucoma studies.

3.3.2 Laser Doppler Velocimetry and Flowmetry

The Doppler effect describes the frequency shift of a light wave emitted from an object which is
moving relative to the observer. Wavelength increases as objects move away from the observer
(‘red-shift’) and decreases as objects move towards an observer (‘blue-shift’). Using lasers it is
possible to detect Doppler shifts with high resolution, and the technique has been used for

many years for measurement of red blood cell velocity in ocular blood vessels (Riva et al., 1972).

Laser Doppler Velocimetry measures blood flow velocity by measurement of the Doppler shift in
a laser directed at a blood vessel. Along with a measurement of vessel diameter blood flow can
be calculated (Mendel et al., 1993), however this technique is limited as the data from a single

vessel may not be representative of the entire eye .

Laser Doppler Flowmetry measures relative velocities, red blood cell count and flux at a fixed
spot (Riva et al., 1992). By directing the laser at areas between vessels blood flow in capillary
beds can be measured, although it is important to know the depth of penetration of the light
used in order to know which tissue is being measured. Tissue at different depths can be studied
by varying the wavelength of the laser used. Measurements are, however, limited to small
selected areas and it is difficult to know the exact volume of the tissue measured making
comparisons between patients difficult. The Heidelberg Retina Flowmeter combines this

technique with confocal scanning laser tomography, however reproducibility is poor due to its
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high sensitivity to changes in illumination and small changes in sample window placement

(Flammer et al., 2002).

3.3.3 Multispectral Imaging

Multispectral imaging (also called spectral or hyperspectral imaging) is a technique whereby
tissue is imaged using multiple different wavelengths of light. The technique has been widely
used in neuroscience for functional brain imaging of animal models, directly measuring changes
in brain tissue oxygenation in response to sensory stimuli (Malonek and Grinvald, 1996,
Mayhew et al., 1999, Berwick et al., 2005). The technique relies on the wavelength-dependency
of light absorption by retinal blood components (chromophores, oxy- and deoxyhaemoglobin,
figure 3.1) to calculate oxygenation of the imaged tissue. One common way to do this is to use

a Beer-Lambert law model (equation 1).
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Figure 3.1: Absorption spectra of oxyhaemoglobin (HbO,), deoxyhaemoglobin (HbR), water
(H,0) and tissue scattering components of blood (after Hillman, 2007).

A(A) = clel(A) + c2€2(A) + c3e3(A) + c4ed(A) ...

Equation 1: The Beer-Lambert Law. A(A)=absorption at wavelength A, cl=concentration of
chromophore 1, €1(A )=absorbance of chromophore 1 at wavelength A (known constant), etc.
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By imaging at different wavelengths where the contribution to overall absorption by each
chromophore is different, the above equation can be solved to find the concentration of each
chromophore (oxyhaemoglobin, deoxyhaemoglobin and tissue scattering in this case). The
Beer-Lambert law makes several assumptions however, two of which are broken in the eye.
The law assumes that the absorbing medium is homogenously distributed, which it is not, and
that the incident light at each wavelength is parallel and travels the same length in the
absorbing medium, which it does not as longer wavelengths penetrate deeper (Delori et al.,

1977).

Despite these limitations, multispectral imaging provides reasonable estimates of relative
oxygenation of imaged tissues, and as such, variations on the technique described have been
used with some success in measuring relative oxygenation of retinal blood vessels (Beach et al.,
1999, Hardarson et al., 2006), parapapillary and ONH structures (Khoobehi et al., 2004, Beach et
al., 2007, Ito et al., 2008), and oxygenation changes in response to medication (Siesky et al.,

2008, Traustason et al., 2009).
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4. The Visual Field in Glaucoma

4.1 The Normal Visual Field

The visual field is defined as the portion of space that one eye can see at any given instant. For
a bright stimulus the extent of the normal visual field, assuming no restrictions due to facial
structure etc, is: 60 degrees superiorly, 75 degrees inferiorly, 100 degrees temporally and 60

degrees nasally (Henson, 2000).

The visual field has classically been likened to an island of vision in a sea of darkness. The
sensitivity of the eye varies across the visual field. This can be likened to the elevation of the
island, or ‘hill of vision’. Stimuli whose parameters place them above the hill are too weak to be
seen, and stimuli who fall outside the island are outside the field of view and cannot be seen no
matter how bright or large they are (Henson, 2000). Under photopic conditions there is a
gradual rise in elevation from the edge to the centre of the island which represents increasing
sensitivity of the retina from the periphery to the fovea. There is also a physiological blind spot
in the temporal field which represents the projection of the ONH where there are no
photoreceptors. The main difference between a geographical island and the visual field is that
visual field sensitivity varies with light adaptation, whereas geographical islands are fixed
(Henson, 2000). With age there is a generalised loss of visual field sensitivity which affects the
central field and periphery more than the paracentral area, meaning that the slopes of the
island of vision become more convex (Haas et al., 1986). This is partly due to pre-retinal factors
such as decreased pupil size and clouding of ocular media, but it has been shown to be primarily
due to neural factors such as the decline of photoreceptors and retinal ganglion cells (Johnson
et al., 1989). A visual field defect could be described as a deviation (depression in sensitivity)
from the normal age-corrected island of vision. Figure 4.1 shows the hill of vision and the seen

visual field projection for a number of scenarios.
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4.2 Perimetry

Perimetry is the measurement of the visual field and is a direct measure of visual function. Itis
one of the few techniques which evaluate peripheral retina and the neural pathways
responsible for relaying information from the peripheral retina to the visual cortex (Henson,
2000). Perimetry is used in both detection/diagnosis and monitoring of glaucoma. Glaucoma
often causes characteristic visual field defects which can aid detection and diagnosis of the
disease, and subsequent management aims to preserve visual function as measured by

perimetry.

4.3 Patterns of Glaucomatous Damage

The classically described (initially by Bjerrum in the 19" Century (Bjerrum, 1889)) ‘characteristic’
patterns of visual field loss in POAG are governed by the retinotopic distribution and

arrangement of the retinal nerve fibres, as shown in figure 4.2.
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Figure 4.2: (Left) The anatomical distribution of retinal nerve fibres as traced from a silver-
stained retina (after Fitzgibbon and Taylor, 1996) and (Right) a schematic diagram of the same
(after Kanski, 2003)

Repeatable visual field defects are often preceded by an increase in variability and fluctuation in
the visual field (Flammer et al., 1984) and a small diffuse loss in sensitivity across the visual field
(Henson et al., 1999). Visual field defects commonly associated with POAG are as follows
(Henson, 2000, Henson and Harper, 2007, Rudnicka and Edgar, 2007) and a typical progression

of visual field damage in glaucoma is shown in figure 4.3.

4.3.4 Paracentral defects
Paracentral defects are isolated scotomata which may be relative or absolute and most
commonly affect the superior visual field. These defects follow the arcuate pattern of the

retinal nerve fibres.

4.3.5 Arcuate defects
Arcuate defects are formed by coalescence of paracentral scotomata. These defects are specific
to optic nerve head lesions (most commonly POAG) in the absence of other pathology such as

branch retinal vein occlusion or arcuate-shaped chorioretinal lesion.

4.3.6 Nasal step
A ‘nasal step’ is an asymmetry in contrast sensitivity either side of the horizontal midline in the
nasal visual field. This occurs because retinal nerve fibres do not cross the horizontal midline

and is a highly specific sign of POAG.
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4.3.7 Overall depression in sensitivity
This is non-specific to POAG and can commonly be caused by cataract and physiological ageing.
The extent of purely glaucomatous diffuse loss is often slight and difficult to detect clinically,

although it is very often present alongside localised loss.

Figure 4.3: lllustration of typical
progression of visual field damage
patterns in glaucoma (after Rudnicka
and Edgar, 2007)
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4.4 Statistical Indices of Visual Field Damage

4.4.1 Total and Pattern Deviation Probability Maps

Total deviation (TD) is the deviation in sensitivity at a particular test location from that of an
age-matched healthy subject, where a negative TD indicates a loss of sensitivity. In most
perimetric software a map is produced of the probability of the measured sensitivity occurring

in the healthy sample when compared to the percentiles of a normative distribution.

Pattern deviation (PD) represents the deviation in sensitivity at a particular location relative to

the rest of the visual field. This measure aims to separate localised loss from diffuse sensitivity
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changes by correcting the visual field for generalised changes which are most likely caused by
factors such as refractive error, pupil size or cataract. Again, in many software packages a PD
probability map is produced for a measured visual field, plotting the probability of the PD of

each tested location belonging to a normal distribution of healthy subjects.

4.4.2 Global Visual Field Indices
Whilst not retaining any topographical information, global indices yield a single number,
sometimes useful for statistical analysis of visual field data or to give an overall clinical

impression of the visual field.

Mean deviation (MD) is a weighted (according to between-subject variance) mean of deviation
in sensitivity at each test location. MD gives an indication of the overall state of the visual field,
with negative values representing a loss of sensitivity. It is sensitive to diffuse loss and

moderately advanced localised loss, but insensitive to small areas of reduced sensitivity.

Pattern standard deviation (PSD) is a weighted (according to between-subject variance)
standard deviation of the TD values. Itis larger in localised field loss where the variance of

deviation within the visual field is larger.

Short-term fluctuation (SF) is an estimate of within-test variability, obtained by repeat
determination of thresholds at various points. SF assumes uniform variability across the visual

field but this is not the case so the value is of dubious clinical use.

Corrected pattern standard deviation (CPSD) is the PSD corrected for the SF and is sensitive to
focal loss, due to separation of true deviations from variability. Both SF and CPSD are only

available in full-threshold algorithms and are not reported in the widely-used SITA algorithms.

Visual field index (VFI1) is a newer index (Bengtsson and Heijl, 2008) which expresses the visual
field as a single percentage where 100% represents a perimetrically normal field, and 0%

represents a perimetrically blind field. The VFl is age-corrected and based on pattern deviation
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values (except in severely depressed fields) in order to reduce the effect of cataract. A strength
of this index is the ease with which it is understood by patients concerned about the

progression of their visual field loss.

4.4.3 Glaucoma Hemifield Test

The Glaucoma Hemifield Test (GHT) (Asman and Heijl, 1992) aims to help clinicians decide
whether measured visual field loss is compatible with a diagnosis of glaucoma, or within the
normal limits of the healthy population. It tests for asymmetry between the superior and
inferior hemifields which is suggestive of glaucoma. The sum of PD probability scores in ten
sectors of the nasal visual field is calculated. Five of the sectors are in the superior field, and
these are mirrored by five sectors in the inferior field for comparison. Asymmetry between any
of the sectors which falls outside of the central 99.5% range of a database of healthy subjects is
classed as ‘outside normal limits’. Any sector pair falling within this range but outside the
central 97% range is classed as ‘borderline’, and if the overall sensitivity of the visual field is

below the 99.5% limit GHT reports a ‘general reduction in sensitivity’.

4.4.4 Reliability Indices

Reliability indices give an indication of the fixation and response behaviour of the patientin a
particular visual field test. However, if we take reproducibility of test results as a measure of
their reliability then the strongest performing factor in determining variability in a series of tests
is level of visual field loss, i.e. MD and the following reliability indices make little contribution

(Bengtsson, 2000).

False positive responses (FP) give an indication of the patient’s response criterion. Catch trials
are commonly used where no stimulus is presented in a period of time where usually there
would be one. If the patient presses the response button during this time a false positive is
reported. In some algorithms such as the Swedish Interactive Threshold Algorithm (SITA), FP is
estimated from response time data, i.e. if a response is unusually quick for the patient then it is

noted as a false positive.
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False negative responses (FN) give an indication of the patient’s concentration. Stimuli are
presented at an intensity brighter than that which has already been seen at a certain location, if

the patient fails to respond it may indicate a lack of concentration.

Fixation losses give an indication of the consistency of the patient’s eye position through the
test. At the start of the test the physiological blind spot is estimated, so that during the test
bright stimuli can be presented in this area. If the patient responds to these stimuli then their

eye must have moved and a fixation loss is reported.
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5. The Structure-Function Relationship in Glaucoma

As the relationship between RGC damage and visual field loss appears to be one of cause and
effect it would seem reasonable to assume a relationship between the amount of RGC loss and

the extent of visual field loss.

5.1 Early Work

A very common quote amongst clinicians is that up to 50% of optic nerve fibres have already
been lost before a visual field defect can be detected. This figure initially came from early work
aiming to relate glaucomatous structural and functional changes (Quigley et al., 1982). The
study compared the visual fields, as manually assessed by Goldmann kinetic perimetry, to the
histological count of RGC axons post-mortem. The sample sizes used in this study were very
small, with only five normal eyes being used to establish the normal number of RGC axons, and
only three ‘glaucoma suspect’ eyes who were without Goldmann visual field loss. It was only
one of these patients who had an RGC count of 50% of the somewhat loosely established norm.
Whilst the limitations of this study are obvious: The small sample sizes, the insensitive method
used to detect visual field damage, the elapsed time between visual field measurement and

optic nerve histological assessment; this paper provided a basic method for future studies.

In later work by the same group, a similar experiment was performed but using more modern
standard automated perimetry. This study was also limited by a small sample size (6
glaucomatous eyes, one of which also had uveal melanoma, and 4 of which were a fellow eye to
one with other ocular pathology, 5 healthy control eyes to establish normal range). The study
concluded that a 10dB decrease in visual field sensitivity corresponded to 40% less RGCs than
their established normal number (Quigley et al., 1989). A later paper also by the same group
(Kerrigan-Baumrind et al., 2000) described another similar study but with slightly larger sample
sizes (17 normal eyes, 17 glaucomatous eyes) and the use of the Humphrey Field Analyzer

(HFA). The study reported that areas of visual field loss with Humphrey Total Deviation
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Probability of p<0.5%" corresponded to 28.5% loss of RGCs. It is, however, important to note
that within the p<0.5% category are absolute scotomas, which one would logically associate
with areas of no remaining RGCs. The value of 28.5% loss is not, therefore, surprising being the
average of a series of test locations ranging from losses that are just below p=0.5% to absolute
scotomas. What is surprising is that the paper concludes that “at least 25% to 35% RGC loss is
associated with statistical abnormalities in automated visual field testing”. Re-analysis of the
mean RGC counts in the control eyes in this study shows wide 95% confidence intervals of +42%
of the mean RGC count, likely due to the small sample size. This means that there was a large
degree of overlap in RGC counts between glaucoma patients and controls in the study such that
even the upper limit of 35% RGC loss in their conclusion is not a statistically significant loss in
their sample (it is within the range that can be considered feasibly normal according to their
measurements) and as such the data presented does not support this conclusion (Hood and
Kardon, 2007). Indeed, looking at the figures presented, those with 100% of the “normal” RGC
axon count have, on average a visual field Mean Deviation of worse than -6dB and Pattern
Standard Deviation of worse than 2.5dB, which probably would be statistically significant. The
data presented by Kerrigan-Baumrind et al therefore seems to support the opposite conclusion

that visual field loss occurs before RGC loss equally as well as the conclusion made.

5.2 Behavioural Experiments

In order to better establish the relationship between RGC count and visual function in
glaucoma, Harwerth et al carried out an elegant series of experiments using behavioural
perimetry in rhesus monkeys (Harwerth et al., 1999, Harwerth et al., 2004, Harwerth et al.,
2005, Harwerth et al., 2002). The monkeys were trained to perform visual field tests using an
HFA, modified only in ways which did not affect the test outcomes. The monkeys were seated
in a custom-made chair in a primate testing cubicle attached to the perimeter. This allowed

their eyes to be correctly aligned for testing, their mouths to be positioned on a juice spout

"In the paper the authors stated p=0.5% rather than p<0.5%. The Humphrey perimeter does not give

values for p=0.5% only p<0.5%.
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used to deliver behavioural rewards, and for them to hold a response switch. The monkeys
were trained to press and hold down the response switch to initiate a trial, and subsequently to
release the switch in the presence of a visual stimulus. The stimulus would be presented at a
random time within 5.5 seconds interval and if the monkey’s response was within 900ms of
stimulus presentation then it was recorded as a true-positive response and the monkey
rewarded. Alternatively if the response was not within this time it was recorded as a miss and

the monkey was neither rewarded nor punished.

Once the monkeys were trained to perform perimetric tests, glaucoma was surgically-induced in
one eye. This was achieved through argon laser treatment to the trabecular meshwork which
resulted in intraocular pressure raised consistently above 40mmHg leading to glaucomatous
damage similar in many ways to that in human patients (Harwerth et al., 1997). The fellow eye
served as a control eye, allowing measures of glaucomatous loss with greater confidence than
previous studies. Once the visual fields had been accurately measured at the desired stage of
damage, the eyes were enucleated for histological analysis, giving a direct and almost

immediate comparison between structural and functional measures.

Early results, plotted on log-linear axes (figure 5.1) were taken in partial support of previous
work, in that visual sensitivity loss appeared small and constant until around 30-50% of RGCs
were lost after which a more steady relationship between RGC and visual sensitivity loss
appeared (Harwerth et al., 1999). Whilst the results appear to suggest either that clinical
perimetry is insensitive to early neural loss, or that there is some redundancy in the visual
system such that a proportion of RGCs can be lost before vision is affected, account needs to be
taken of the log-linear scaling used which emphasises larger losses to the detriment of smaller,

early losses.
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In later work, Harwerth et al addressed the issue of variability in the structure-function

relationship by taking into account retinal eccentricity as a factor in expected RGC axon count,

eliminating a proportion of the scatter in the model (Harwerth et al., 2004). The issue of scaling

was also addressed, finding that plotting RGC loss on a logarithmic scale (dB) produced a linear

relationship between RGC loss and visual sensitivity loss (also measured in dB) with varying

gradient depending on retinal eccentricity (figure 5.2) (Harwerth et al., 2004, Harwerth et al.,

2005).
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The structure-function model derived from primate data was then applied in a re-analysis of the

data from the study by Kerrigan-Baumrind et a/ (2000). The model was used to predict RGC

axon counts from measured visual sensitivities of glaucoma patients, and the results compared
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to post-mortem histological cell counts. The results showed that clinical perimetry is, in fact, a
direct expression of glaucomatous neural loss and as such a good measure of stage of disease
(Harwerth and Quigley, 2006). The application of the model to human data revealed a slightly
less precise relationship between structure and function. This may be due to the elapsed time
between the visual field being measured and the patient’s death and subsequent histological
RGC count, but may also be due in part to reduced variability in visual field measurements
obtained from well-trained primates compared to clinical measurements obtained from

patients without extensive perimetric experience (Harwerth et al., 1993).

5.3 The Topographic Structure-Function Relationship

In order to establish a relationship between functional measures and currently available in-vivo
measures of retinal and ONH structure it is essential to first establish a proper topographic
relationship between these. That is, to establish a relationship between the locations tested in

clinical perimetry and the corresponding areas of RNFL and ONH.

One such model, which has since been widely used, was derived from fundus photographs
obtained during routine clinical examination of normal-tension glaucoma patients (Garway-
Heath et al., 2000). Photographs featuring visible, well-defined RNFL bundle defects (so-called
“wedge defects”) or prominent nerve fibre bundles were selected, and the defects manually
traced back to the ONH. A scaled HFA 24-2 visual field matrix was then superimposed onto the
photographs and the relationship of visual field test locations to the ONH circumference was
estimated by observing the proximity of test locations to nerve fibre defects/bundles. The
resulting map divided the ONH into six sectors, each with a corresponding area of visual field

test locations (figure 5.3).
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Figure 5.3: Visual field divisions (A) and corresponding optic nerve head sectors (B) (after
Garway-Heath et al, 2000)

This model has been incorporated, with some small modification (Garway-Heath et al., 2002),
into the HRT software and used in several studies aiming to correlate NRR measurements or
peripapillary RNFL thickness (measured by OCT) to visual field sensitivities. The model does
have some clear limitations. It assumes a consistent retinotopic organisation of RGC axons
travelling in bundles, which is not well established. For example, it may be possible that there is
some tendency of RGC axons to move between adjacent bundles, and some controversy exists
over the relative position of ONH insertion of long (peripheral) and short (central) RGC axons
which may affect the resultant map (Ogden, 1974, Radius and Anderson, 1979, Minckler, 1980,
Ogden, 1983, Fitzgibbon and Taylor, 1996). The relatively large sectors used in the map were a
product of large between-subject variability, much of which can be explained by variations in
ONH position (Garway-Heath et al., 2000). The map has not been verified by examination of
corresponding visual field data and therefore remains an essentially theoretical, albeit useful,
representation of the topographic structure-function relationship. These limitations increase
variability and, therefore, limit the precision of subsequent in-vivo quantitative studies which

make use of the model.

Later work by Gardiner et al (2005) used cross-sectional HFA 24-2 visual field and HRT structural
data in an attempt to refine the map. The resultant map divided the ONH into 36 10° sectors

(thereby increasing resolution) and assessed the correlation of each sector to each visual field
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test location (Gardiner et al., 2005). The measures correlated were individual threshold
sensitivities at each visual field test location and the ONH ‘sector rim area measure’ which was
the deviation in sector NRR area from a healthy population after normalisation for overall NRR
area. However, the correlations were mostly very weak, with the mean best correlation found
for each ONH sector being 0.28 (range 0.12-0.52). This, combined with the increased
complexity of the map, means it has not been widely adopted and as such the map produced by

Garway-Heath et al (2000) is still the most often used.

5.4 In-vivo measurements

Garway-Heath et al (2002) compared visual sensitivity at HFA 24-2 visual field test locations and
pattern electroretinogram response amplitudes to checkerboard stimuli to NRR thickness as
measured by HRT using the topographic map proposed earlier by their own group (Garway-
Heath et al., 2000). They found a weak but significant linear relationship between NRR area and
both pattern electroretinogram amplitudes and visual field sensitivity values when plotted on
linear scales (Garway-Heath et al., 2002). The study provided further evidence that structural

and functional changes in glaucoma occur concurrently, and there is no RGC functional reserve.

Studies using OCT to measure RNFL thickness have also used the above spatial models to
correlate sensitivity at HFA 24-2 visual field test locations in the arcuate areas to RNFL thickness
in corresponding para-papillary areas (figure 5.4). In agreement with the primate and human
studies previously mentioned, a linear model was found to be the best fit to the data obtained
from human glaucoma patients (Hood et al., 2007, Hood and Kardon, 2007). In using OCT data
however, it must be remembered that the entire RNFL thickness is measured, which contains
not only RGC axons, but also glial cells, capillaries and efferent fibres. As such there is a certain
minimum thickness in every patient, beyond which no amount of glaucomatous damage will
thin the RNFL. This minimum thickness manifests itself as the intercept with the y-axis (RNFL
thickness), or as the asymptote to the curve when results are plotted on log-linear axis (Hood et

al., 2007, Hood and Kardon, 2007).
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Figure 5.4: Visual sensitivity vs. RNFL thickness for superior and inferior arcuate areas of the
visual field, plotted on log-linear (A,B) and linear axes (C,D) (after Hood et al, 2007)

In-vivo structural measurements using OCT have also been taken in primates and correlated

with visual field sensitivity measurements from behavioural perimetry as described above. Th

e

linear model was again the best fit to the data, which was in this case presented as percentage

loss thus avoiding the above issue of residual measured thickness (100% loss does not mean

zero thickness) (Harwerth et al., 2007). This study shows good agreement with those on human

data, confirming the validity of the primate model used.

These linear models, whilst being the best fit to the data, do not account for all of the variability

in the studied populations, i.e. the data are still quite scattered around the regression line.
Much of the scatter is probably due to the variability in the measurements taken, especially

perimetry where response variability has been shown to be inversely correlated to sensitivity
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(i.e. as the sensitivity worsens, variability increases) (Henson et al., 2000). Another potential
method of improving the model for in-vivo measurements is to improve the precision of the
topographic models used, as variability within these is reflected in the results of any

guantitative study using them.

5.6 Future Direction in Structure-Function Relationships

Improvements in the structure-function relationship model in the form of reduced scatter and
more precise estimates of the slope may come via improved precision in topographic structure-
function maps and reduced variability in testing methods, especially perimetry where patient
factors as well as physiological and technological factors affect results. Psychophysical
developments in visual field testing, whether through new techniques which selectively
examine certain neural pathways, or through improved testing of peripheral locations by
altering the stimuli used may also help to reduce scatter in structure-function models

(Anderson, 2006).

Another area which has been given little consideration in the past is that of spatial types of
glaucomatous ONH and visual field damage. It is widely accepted that glaucoma is not actually
one disease, but rather a group of diseases with similar characteristics, and so it follows that
these slightly different diseases may have slightly different patterns of structural and functional
damage. It has already been demonstrated clinically that many glaucoma patients can be
placed into categories based on ONH appearance, who then have other similar disease
characteristics such as spatial patterns of visual field loss to those within the same category
(Broadway et al., 1999). Similar work has been carried out with visual field data to attempt to
classify patients based on spatial patterns of sensitivity loss (Brusini and Johnson, 2007, Keltner
et al., 2003). These may be important findings as it is possible that these distinct disease types
may have different underlying mechanisms which progress and respond to treatments
differently. Unfortunately it is difficult to know exactly how many categories there should be,
and it seems likely that if these distinct disease mechanisms exist, many patients will be

affected by more than one. Broadway et al (1999) found it impossible to classify the majority of
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their patients into one of their 4 ONH categories. Whilst more categories may help somewhat,
it may be more likely that increased understanding of these types could come through objective

statistical mapping techniques of ONH (Yan et al., 2005) and visual field data (Twa et al., 2008).

5.7 Structure-function summary

Current evidence suggests that glaucomatous structural change and functional loss occur
concurrently and linearly throughout the progression of the disease. There appears to be little
or no redundancy in the visual system in the form of any RGC functional reserve, such that small
losses of RGCs cause small losses in visual sensitivity, however these are not necessarily noticed

by the patient or detected by current methods.
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6. Discus - Investigating subjective judgement of
glaucomatous damage in optic disc photographs.

Contribution

This project was carried out with Paul Artes (PHA) and followed on from the work carried out by
an MSc student, Damien Echendu (DE). PHA collected the images from the OLGA clinic
database, and DE carried out the image quality grading and selection of images to be
incorporated into the software, which was written by PHA. | performed final checks on the
images and associated visual fields to ensure suitability for the project. The data from expert
observers in the UK was collected by myself, and the data from expert observers in Canada was
collected by PHA. | carried out the statistical analysis of the data and authored the published

paper (and this chapter) with help from PHA and David Henson.

Publications

Denniss J, Echendu D, Henson DB, Artes PH (2010) Discus —Investigating subjective judgment of
glaucomatous damage in optic disc photographs. Optometry & Vision Science (glaucoma special
edition, in press)

Conference Presentations

Denniss J, Echendu D, Henson DB, Artes PH (2008) The Interpretation of Optic Disc Images for
Glaucomatous Damage by Specialist Clinicians. ARVO 2008 Annual Meeting, Fort Lauderdale,
FL, USA (poster)

Denniss J, Echendu D, Henson DB, Harper RA, Harding, AK, Artes PH (2008) Interpretation of
Optic Disc Images for Glaucomatous Damage: Reference Data from Specialists. IPS Congress
2008, Nara, Japan (paper)

Henson DB, Denniss J, Echendu D, Artes PH (2007) Discus —a software package for analysing the

clinical grading of glaucomatous optic discs. UK & Eire Glaucoma Society Annual Meeting 2007,
Cardiff, UK (paper)
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6.1 Abstract

6.1.1 Purpose
To describe a software package (Discus) for investigating clinicians’ subjective assessment of

optic disc damage, and to provide reference data from a group of expert observers.

6.1.2 Methods

Optic disc images were selected from patients with manifest or suspected glaucoma or ocular
hypertension who attended the Manchester Royal Eye Hospital. Eighty images came from eyes
without evidence of visual field (VF) loss in at least 4 consecutive tests (VF-negatives), and 20
images from eyes with repeatable VF loss (VF-positives). Software was written to display these
images in randomized order, for up to 60 seconds. Expert observers (n=12) rated optic disc
damage on a 5-point scale (definitely healthy, probably healthy, not sure, probably damaged,

definitely damaged).

6.1.3 Results

Optic disc damage as determined by the expert observers predicted VF loss with less than
perfect accuracy (mean area under receiver-operating curve (AUROC), 0.78; range 0.72 to 0.85).
When the responses were combined across the panel of experts, the AUROC reached 0.87,
corresponding to a sensitivity of ~60% at 90% specificity. While the observers’ performances
were similar, there were large differences between the criteria they adopted (p<0.001), even

though all observers had been given identical instructions.

6.1.4 Conclusions

Discus provides a simple and rapid means for assessing important aspects of optic disc
interpretation. The data from the panel of expert observers provide a reference against which
students, trainees, and clinicians may compare themselves. The program and the analyses

described in this paper are freely accessible from www.discusproject.blogspot.com.
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6.2 Introduction
In clinical practice, decisions often have to be made under considerable uncertainty, and there
is often no perfect test that can give a “correct” answer against which such decisions can be

compared and evaluated. In glaucoma, a pertinent example is subjective optic disc assessment.

Subjective optic disc assessment is, arguably, one of the most important clinical procedures in
glaucoma (Fingeret et al., 2005, Susanna Jr and Vessani, 2007, Broadway et al., 1999, Caprioli,
1994, Jonas et al., 1999, Lin et al., 2007). Optic nerve damage is often the first clinically
detectable sign of the disease (Weinreb and Khaw, 2004, Garway-Heath, 2008) as shown in the
Ocular Hypertension Treatment Study where almost 60% of patients who converted to
glaucoma developed optic disc changes before they showed reproducible visual field damage
(Gordon et al., 2002, Keltner et al., 2006). In the European Glaucoma Prevention Study optic
disc changes were recognised before visual field changes in approximately 40% of the patients
who developed glaucoma (EGPS Group, 2007). However, healthy optic discs cover a large
spectrum of appearances such that even highly experienced observers may find it difficult to
identify early damage unambiguously (Broadway et al., 1999, Jonas et al., 1999). Although
imaging tools such as confocal scanning laser tomography or optical coherence tomography can
provide precise measurements of the optic nerve and the nerve fibre layer, they do not
distinguish perfectly between healthy eyes and those with early glaucomatous optic disc
damage. Visual field loss provides a functional measure of optic disc damage but may not be
sensitive to early damage. In short, there is no ideal reference standard for optic disc damage
and no simple rule that can tell with certainty whether a given disc is damaged or not. Without

a ‘correct’ answer, however, it is difficult to investigate clinicians’ subjective decisions.

Given that subjective optic disc assessment is of such paramount importance in clinical practice,
it is somewhat surprising that little work has previously been done to establish a framework for
measuring clinicians’ skills, attitudes and decision criteria in the context of this task. A tool to
measure an individual observer’s skill at judging optic disc damage would be useful, for
example, for monitoring the progress of junior clinicians through the different stages of a

training programme. Similarly, it would be interesting to investigate how clinicians’ attitudes
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and decision criteria depend on the “framing” (Kahneman et al., 1982) of the task, i.e. what
information is available on the prior likelihood of damage and on the cost/benefit of high

sensitivity or high specificity.

The objective of this paper is to suggest a “first stab” approach for conducting subjective
classification experiments and for interpreting the data. We describe a freely accessible
software package (“Discus”) which observers can use to view and rate a set of selected optic
disc images under controlled conditions, to assess their skill at interpreting these photographs.
We suggest that data from such experiments can be interpreted, even in the absence of a true
“gold standard”, by comparison to a reference panel of expert observers, and discuss data from
such a panel. Ultimately, we would like to stimulate further research into the important topic of

subjective decision-making and how it applies to clinical practice in glaucoma.

6.3 Methods

6.3.1. Selection of Images

To obtain a set of optic disc images with a wide spectrum of early glaucomatous damage, data
were selected from patients who had attended the Optometrist-led Glaucoma Assessment
(OLGA) clinics at Manchester Royal Eye Hospital (Manchester, UK) between June 2003 and May
2007. This clinic sees patients who are deemed at risk of developing glaucoma, for example due
to ocular hypertension, or who have glaucoma but are thought of as being at low risk of
progression and are well controlled on medical therapy. Patients undergo regular examinations
(normally in intervals of 6 months) by specially trained optometrists. During each visit, visual
field examinations (Humphrey Field Analyzer program 24-2, SITA-Standard) and non-
stereoscopic fundus photography are performed (Topcon TRC-50EX, field-of-view 20 degrees,
resolution 2000x1312 pixels, 24 bit colour). All data were anonymised prior to use and as such
the study was deemed by the NHS Central Manchester Research Ethics Committee to not

require ethical approval.
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In order to establish two clearly distinct and well defined groups, images were selected from
patients who had undergone at least 4 visual field tests on each eye within a period of 2to 5
years. From these patients, visual field (VF) positive and VF-negative groups were established
based on the visual fields’ Mean Deviation (MD) and Pattern Standard Deviation (PSD) (Table
6.1). The cut-offs here were chosen to dichotomise the patients into those with likely

glaucomatous visual fields, and those with clinically normal visual fields.

Table 6.1: Inclusion criteria for VF-positive and VF-negative groups. Criteria had to be met on
all 4 examinations. For inclusion in the VF-negative group, the criteria had to be met with both
eyes. In addition, the between-eye differences in MD and PSD had to be less than 1.0 dB

MD PSD
VF-positive between -2.5 and -10.0 dB between 3.0 and 15.0 dB
VF-negative better than [>] -1.5dB * better than [<] 2.0 dB !

If both eyes of a patient met these criteria, a single eye was randomly selected. A small number
of eyes (n=17) were excluded owing to clearly non-glaucomatous visual field loss (for example,
hemianopia) or non-glaucomatous lesions visible on the fundus photographs (e.g. chorioretinal

scars).

To eliminate any potential clues other than glaucomatous optic disc damage, we matched the
image quality in VF-negative and VF-positive groups. One of the authors (DE) viewed the images
on a computer monitor in random order and graded each one on a five-point scale for focus and
uniformity of illumination. During grading, the observer was unaware of the status of the image
(VF-positive or -negative), and the area of the disc had been masked from view. A final set of 20
VF-positive images and 80 VF-negative images was then created such that the distribution of
image quality was similar in both groups (Table 6.2). The total size of the image set (100), and
the ratio of VF-positive to VF-negative images (20:80), had been decided on beforehand to limit
the duration of the experiments (such that the task could reasonably be completed without
losing concentration) and to keep the emphasis on discs with early damage whilst still including

enough VF-positive images to allow for estimation of sensitivity for their detection
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Table 6.2: Characteristics of VF-positive and VF-negative groups. Image quality was scored
subjectively on a scale from 1 to 5. Differences between groups were tested for statistical
significance by Mann-Whitney U (MWU) tests.

Image Quality Age,y MD, dB PSD
VF-positive (n=20) 1.82 (1.20) 66.0 (13.1) -6.20(1.76) 5.58 (2.15)
VF-negative (n=80) 1.68(1.33) 61.3 (9.3) +0.60 (0.4) 1.50(0.16)
p-value (MWU) 0.67 0.35 <0.001 <0.001

6.3.2 Expert Observers

For the present study, 12 experts (either glaucoma fellowship-trained ophthalmologists working
in glaucoma sub-speciality clinics (n=10) or scientists involved in research in the optic disc in
glaucoma (n=2) were selected as observers. They were approached ad-hoc during scientific

meetings or contacted by e-mail or letter with a request for participation.

Prior to the experiments, the observers were given written instructions detailing the selection
of the image set. The instructions also stipulated that responses should be given on the basis of

apparent optic disc damage rather than the perceived likelihood of visual field damage.

6.3.3. Experiments

In order to present images under controlled conditions, and to collect the observers’ responses,
a software package Discus (3.0E, figure 6.1) was developed in Delphi (CodeGear, San Francisco,
CA). The software is freely available from http://www.discusproject.blogspot.com for users of

Windows operating systems.

The software displayed the images, in random order, on a computer monitor. After the
observer had triggered a new presentation by hitting the “Next” button, an image was displayed
until the observer responded by clicking one of 5 buttons (definitely healthy, probably healthy,
not sure, probably damaged, definitely damaged). After a time-out period of 60 seconds the
image would disappear, but observers were allowed unlimited time to give a response. To
guard against occasional finger-errors, observers were also allowed to change their response, as

long as this occurred before the “Next” button was hit.
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To assess the consistency of the observers, 26 images were presented twice (2 in the VF-
positive group (10%) and 24 in the VF-negative group (30%)). A larger rate of repetitions in the
VF-negative group (30% compared to 10%) was chosen to reduce the prevalence of VF-positive

presentations in the session. No feedback was provided during the sessions.

& Discus 3.0E

Figure 6.1:
2126
Screenshot of

~Rating X
Discus software.
" definitely healthy
 probably healthy Images remained

on display for up to

60 seconds, or until

" not sure

¢ probably damaged
the observer

€ definitely damaged clicked on one of
the 5 response

categories. A new

presentation was
triggered by hitting
the “Next” button.

6.3.4 Analysis

The responses were transformed to a numerical scale ranging from -2 (“definitely healthy”) to
+2 (“definitely damaged”. The proportion of repeated images in which the responses differed
by one or more categories was calculated, for each observer. For all subsequent analyses,
however, only the second of the two responses was used. All analyses were carried out in the
freely available open-source environment R, and the ROCR library was used to plot ROC curves

(Ihaka and Gentleman, 1996, Sing et al., 2005).

6.3.4.1 Individual observers’ ROC curves

To obtain an objective measure of individual observers’ performance at discriminating between
eyes with and without visual field damage, ROC curves were derived from each set of
responses. For this analysis, the visual field status was the reference standard, and responses in

the “not sure” category were interpreted as between “probably healthy” and “probably
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damaged”. If an observer had used all five response categories, the ROC curve would contain 4
points (A — D). Point A, the most conservative criterion (most specific but least sensitive) gave
the sensitivity and specificity to visual field damage when only the “definitely damaged”
responses were treated as test positives while all other responses (“probably damaged”, “not
sure”, “probably healthy”, “definitely healthy”) were interpreted as test negatives. For point D,

the least conservative criterion (most sensitive but least specific), only “definitely healthy”

responses were interpreted as test negatives, and all other responses as test positives.

6.3.4.2 Individual observers’ criteria

When using a subjective scale, as in the current study, the responses are dependent on the
observer’s interpretation of the categories and their individual attitude to respond with
“probably damaged” or “definitely damaged” (response criterion). A cautious observer, for
example, might regard a particular disc as “probably damaged” whilst an equally skilled but less
cautious observer might respond with “not sure” or “probably healthy”. To investigate the
variation in response criteria within our group, we compared the observers’ mean responses

across the entire image set.

6.3.4.3 Combining responses of expert observers
To estimate the performance of a panel of experts, and to obtain a reference other than visual
field damage for judging current as well as future observer’s responses, the mean response of

the 12 expert observers was calculated for each of the 100 images.

To estimate if the expert group (n=12) was sufficiently large, we investigated how the
performance of the combined panel changed depending on the number of included observers.
Areas under the ROC curve were calculated for all possible combinations of 2, 3, 4...11 observers

to derive the mean performance, as well as the minimum and maximum.

6.3.4.4 Relationship between responses of individual observers and expert panel

As a measure of overall agreement between the expert observers, independent of their
individual response criteria, the Spearman rank correlation coefficient between the 12 sets of
responses was computed. The underlying rationale of this analysis is that, by assigning each

image to one of five ordinal categories, each observer had in fact ranked the 100 images. If two
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observers had performed identical ranking, the Spearman coefficient would be 1, regardless of

the actual responses assigned.

6.4 Results

The experiments took between 13 and 46 minutes (mean 29 minutes) to complete. On average,
the observers responded 7 seconds after the images were first presented on the screen, and the
median response latencies of individual observers ranged from 4 to 16 seconds. The
reproducibility of individual observer’s responses was moderate; on average, discrepancies of

one category were seen in 44% (12) of 26 repeated images (range 23 — 62%).

Individual observers’ results are shown in figure 6.2A-L. The points labelled A, B, C, and D
represent the trade-off between the positive rates in the VF-positive (vertical axis) and VF-
negative groups (horizontal axis) achieved with the four possible classification criteria. Point A,
for example, shows the trade-off when only discs in the “definitely damaged” category are
regarded as test-positives. Point B gives the trade-off when discs in both “definitely damaged”
and “probably damaged” categories are regarded as test-positives. For D, the least conservative
criterion, only responses of “definitely healthy” were interpreted as negatives. To indicate the

precision of these estimates, the 95% confidence intervals were added to point B.

Areas under the curve (AUROC) ranged from 0.71 (95% Cl 0.58-0.85) to 0.88 (95% CI 0.82-0.96),
with a mean of 0.79. There was no relationship between observers’ overall performance and

their median response latency (Spearman’s r=0.34, p=0.29).

In contrast to their similar overall performance, the observers’ response criteria differed
substantially (p<0.001, Friedman test). For example, the proportion of discs in the VF-positive
category which were classified as “definitely damaged” ranged from 17% to 63% between
observers, while the proportion of discs in the VF-negative category classified as “definitely
healthy” ranged from 8% to 68%. In figure 6.2A-L, the response criterion is represented by the

inclination of the red line with its origin in the bottom right corner. If the responses had been
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exactly balanced between the “damaged” and “healthy” categories, the inclination of the line

would be 45 degrees. A more horizontal line represents a more conservative criterion (less

likely to respond with “probably damaged” or “definitely damaged”, while a more vertical line

represents a less conservative criterion. There was no relationship between the observers’

performance (AUROC) and their response criterion (Spearman’s r=0.41, p=0.18).

To derive the “best possible” performance as a reference for future observers, the responses of

the expert panel were combined by calculating the mean response obtained for each image.

The ROC curve for the combined responses (grey curve in figure 6.2A-L) enclosed an area of

0.87.
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Figure 6.2: Receiver-operating characteristic (ROC) curves for the classification of optic disc
photographs by the 12 expert observers (A-L), with a reference standard of visual field damage.
The x-axis (positive rate in VF-negative group) measures specificity to visual field damage, while

the y-axis (positive rate in the VF-positive group) gives the sensitivity. Point A (most
conservative criterion) shows the trade-off between sensitivity and specificity when only
“definitely damaged” responses are interpreted as test positives. Point D (the least
conservative criterion) shows the trade-off when all but “definitely healthy” responses are
interpreted as test positives. Boxplots (right) give the distributions of response latencies, and
the number of times each response was selected.

To facilitate comparison, the grey ROC curve, and the dotted grey line, represent the
performance and the criterion respectively of the group as a whole. Results provided in
numerical format are the area under the ROC curve (AUC), the percentage of the AUC as

compared to that of the entire group (individual ROC area—0.5) / (expert panel ROC area—0.5),
the Spearman rank correlation of the individual’s responses with those of the entire group, the
mean difference between repeated responses, and the average response as a measure of
criterion (-2="definitely healthy”, -1="probably healthy”, 0="not sure”, 1="probably damaged”,
and 2="definitely damaged”).

To investigate how the performance of an expert panel varies with the number of contributing
observers, the area under the ROC curve was derived for all possible combinations of 2, 3, 4,

etc, up to 11, observers (figure 6.3). The limit of the ROC area was approached with 6 or more
observers, and it appeared that a further increase in the number of observers would not have

had a substantial effect on the performance of the panel.
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Individual observers’ Spearman rank correlation coefficient with the combined expert panel
ranged from 0.62 to 0.86, with a median of 0.79. There was no relationship between the

Spearman coefficient and the area under the ROC curve (r = 0.09, p = 0.78).

6.5 Discussion

Several authors have previously investigated how clinicians agree with each other in diagnosing
glaucoma, differentiating between different types of optic disc damage, or in estimating specific
parameters such as cup/disc ratios (Lichter, 1976, Tielsch et al., 1988, Nicolela et al., 2001,
Spalding et al., 2000, Harper et al., 2000b, Harper et al., 2001, Spry et al., 1999, Abrams et al.,
1994, Varma et al., 1992, Azuara-Blanco et al., 2003, Sung et al., 2002) but there is little
previous work on accuracy and biases in diagnostic decisions (e.g. healthy vs. damaged optic
discs) and the factors that may influence it. The objective of this paper was to describe the
design of the Discus software, to discuss how data obtained with it might be analyzed, and to

provide data from a panel of experts as a reference for future observers.

The image sample for the current report was highly selected, being drawn from a population of
patients who were being followed in a glaucoma clinic and who either had established disease

or were deemed to be at high risk of developing glaucoma. Consequently, there are many
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patients suspected of having glaucoma who do not (or do not yet) have visual field loss.
Therefore, many of the VF-negative optic discs in this sample show features of damage, and
unequivocally healthy discs are likely to be under-represented compared to an unselected
population. Likewise, the image sample does not contain optic discs with end-stage damage,
because patients with MDs worse than -10dB were not selected. Because our image sample is
not representative of an unselected population, the ROC curves are likely to underestimate
clinicians’ performance at detecting glaucoma by ophthalmoscopy in an epidemiological
screening scenario. However, the use of a “difficult” data set may also be seen as an advantage
as it allows observers’ performance to be assessed on the type of optic disc more likely to cause

diagnostic problems in clinical practice.

With the visual field as the reference standard, all 12 expert observers in this study had ROC
areas significantly smaller than 1, and even when the judgments of the observers were
combined, this “best possible” panel response did not discriminate perfectly between optic
discs in the VF-positive and VF-negative groups. These findings are not surprising, given the lack
of a strong association between structure and function in early glaucoma that has been
reported by many previous studies (Anderson, 2006, Garway-Heath et al., 2002, Johnson et al.,
2000, Harwerth and Quigley, 2006, Caprioli, 1989, Caprioli and Miller, 1988). However, the
experiments provide a vivid illustration of how difficult it can be to make diagnostic decisions in

glaucoma based solely on the optic disc.

Estimated at a specificity fixed at 90%, the combined panel’s sensitivity to visual field loss was
60%. This is similar to data previously reported for clinical observers and objective imaging
tools (Sharma et al., 2008, Deleon-Ortega et al., 2006, Mardin and Jinemann, 2001, Greaney et
al., 2002, Harper and Reeves, 2000). Unfortunately, objective imaging data are not available for
the patients in the current dataset and we are therefore unable to perform a direct comparison.
However, the methodology developed in this paper may prove useful for future studies that
compare diagnostic performance between clinicians and imaging tools in different clinical

settings.
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One limitation of our study was the relatively small size of the expert group (n = 12). However,
by averaging every possible combination of 2 to 11 observers within the group, we
demonstrated that the response of the combined panel was likely to have attained near-
maximum performance, and that a larger group of observers was unlikely to have changed our

findings substantially.

One challenging issue is how to derive complete and easily interpretable summary measures of
observer performance, in the absence of a reference standard of optic disc damage. To avoid
biases, the images in this study were not selected based on optic disc appearance (Whiting et
al., 2004, Medeiros et al., 2007, Harper et al., 2000a). We therefore used visual field data as the
criterion to separate optic disc images into VF-positive and VF-negative groups, and the ROC
areas therefore measure the statistical separation between an observer’s responses to optic
discs in eyes with and without visual field damage (Hanley, 1989, Hanley and McNeil, 1982).
However, owing to the lack of a strong correlation between structure and function, visual field
loss is not an ideal metric for optic disc damage in early glaucoma. For example, it is likely that a
substantial proportion of the VF-negative images show early structural damage, whereas some

optic discs in the VF-positive group may still appear healthy.

We have attempted to address the problem of a lacking ideal reference standard in two
complementary ways. First, a new observer’s ROC area can be compared to that of the expert
panel, such that the statistic is re-scaled to cover a potential range from near zero
(corresponding to chance performance, AUROC = 0.5) to around 100% (AUROC = 0.87,
performance of expert panel). Second, we suggest that the Spearman rank correlation
coefficient may be useful as a measure of agreement between a future observer’s responses
and those of the expert panel (Svensson, 1997). Because this coefficient takes into account the
relative ranking of the responses rather than their magnitude, it is independent of the
observer’s attitude, i.e. their inclination to call a disc damaged. Consider, for example, three
images graded as “probably damaged”, “probably healthy”, and “definitely healthy” by the
expert panel. An observer responding with “definitely damaged”, “not sure”, and “probably

healthy” would differ in attitude but agree perfectly on the relative ranking of damage, and
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their rank correlation with the expert panel would be 1.0. Our data suggest that observers may
achieve similar ROC areas with rather different responses (consider observers D and F as an
example), and the lack of association between the ROC area and the rank correlation means

that these statistics measure somewhat independent aspects of decision-making.

A surprising finding was that individual observers in our study adopted very different response
criteria, even though they had been provided with identical written instructions and identical
information on the source of the images and the distribution of visual field damage in the
sample (compare observers A and E, for example). It is possible that we might have been able
to control the criteria more closely, for example by instructing observers to use the “probably
damaged” category if they believed that the chances for the eye to be healthy were less than,
say, 10%. More importantly, however, our findings underscore the need to distinguish between
differences in diagnostic performance, and differences in diagnostic criterion, or attitude,
whenever subjective ratings of optic disc damage are involved. This is the principal reason for
why we avoided the use of kappa statistics which measure overall agreement but do not isolate

differences in criterion (Fleiss, 1971, Feinstein and Cicchetti, 1990).

In addition to the source of our images, here are several other reasons for why the performance
on Discus should not be regarded as providing a truly representative measure of an observer’s
real-world diagnostic capability. First, we used non-stereoscopic images. Stereoscopic images
would have been more representative of slitlamp biomicroscopy, the current standard of care.
There is also evidence that many features of glaucomatous damage may be more clearly
apparent in stereoscopic images (Morgan et al., 2005). However, the diagnostic improvement
over non-stereoscopic images is probably not large (Hrynchak et al., 2004, Parkin et al., 2001,
Vingrys et al., 1994, Rumsey et al., 1990). Second, Discus does not permit a comparison of
fellow eyes which often provides important clues in patients with early damage (Harasymowycz
et al., 2004). Third, the display of images on a computer monitor does not assess an observer’s
aptitude at obtaining an adequate view of the optic disc in real patients. Notwithstanding these
limitations, we believe that Discus provides a useful assessment of some important aspects of

recognising glaucomatous optic disc damage.
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Further studies with Discus are now being undertaken to examine the performance of
ophthalmology residents and other trainees as compared to our expert group. These studies
will also provide insight into which features of glaucomatous optic disc damage are least well
recognised, and how clinicians use information on prior probability in their clinical decision-
making. A large dataset of responses from a more diverse range of observers will also provide
us with the opportunity to apply more powerful techniques of analysis, for example Item
Response Theory (Lord, 1980) to optimise the psychometric properties and the utility of this

tool.

The Discus software is freely available from www.discusproject.blogspot.com and interested

users may submit their results for instant analysis to an automated web server on this site.
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7. Evaluating the strength of the topographic
structure-function relationship in glaucoma

Contribution

The data for this project was taken from the databases of previous studies in Manchester and
Halifax, Canada. | carried out the selection of suitable patients from these databases and built
the patient database studied. The idea to map locations of disc damage to locations of visual
field loss came from Ingo Schiessl (IS) and the idea of generating a large number of random
maps to test was my own. | carried out all the MATLAB programming and statistical analysis for
this project myself, with supervision from IS and David Henson (DBH). | also wrote the
manuscript (currently under review) and this thesis chapter myself with helpful comments

provided by IS and DBH.
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7.1 Abstract

7.1.1 Purpose
To evaluate the strength of the relationship between topographical areas of structural and
functional damage in glaucoma.

7.1.2 Methods

Visual field (VF) and HRTII sectoral Moorfields Regression Analysis (sMRA) optic nerve head
(ONH) data from 185 eyes of 185 patients with clinically diagnosed glaucoma based on both
optic disc and visual field damage were taken from the de-identified databases of previous
studies in Manchester, UK (n=93) and Halifax, Canada (n=92).

VF test points were divided into 6 groups to form topographic maps. VF Total Deviation values
were split into 3 grades, and the mode grade of points within a group taken to represent the
group. A discordance measure was devised whereby a VF group whose grade did not equal the
corresponding sSMRA grade for a particular map was marked a discord. Proportion of
discordance in all 6 corresponding VF/ONH areas across all patients was calculated for each map
(O=perfect relationship, 1=no relationship). Discordance was compared for all permutations of
10000 computer-generated maps and an existing structure-based map (SBM).

7.1.3 Results

The SBM discordance was 0.4468, less than all other permutations of itself (n=720). Lowest
discordance from the 10,000 randomly generated maps was 0.4297. 22.68% of randomly
generated maps had one or more permutation with discordance less than or equal to the SBM.

7.1.4 Conclusions

The topographic structure-function relationship found was weak. Anatomical and
measurement variation may partially account for this, though variation in disease process
between patients cannot be excluded. The application of such maps to individual patients may

be limited.
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7.2 Introduction

Open-angle glaucoma is an optic neuropathy which leads to functional loss in the visual field
and structural changes at the optic disc and/or retinal nerve fibre layer (RNFL). It is an age-
related and commonly progressive disease which is one of the leading causes of blindness in the

developed world (Quigley, 1996).

Whilst there have been many investigations going back many years into the temporal sequence
of structural and functional changes in glaucoma, the topographic relationship between areas of
optic disc damage and corresponding areas of visual field damage is less well-tested.
Particularly, though there have been several papers which attempt to define this topographical
relationship (Anton et al., 1998, Boden et al., 2002, Danesh-Meyer et al., 2006, Gardiner et al.,
2005, Garway-Heath et al., 2000, Turpin et al., 2009, Yamagishi et al., 1997) (described later),
there is a dearth of information relating to how strong the relationship is, and how applicable it

is to larger populations of patients with glaucoma.

Determining the topographic relationship between structural and functional changes in
glaucoma is clinically important in cases where structural or functional measures alone are not
sufficient for a diagnosis of glaucoma (or glaucomatous disease progression) to be confirmed or
excluded. Concordance or discordance between the two measures, such as a visual field defect
in an area known to correspond to an area of focal neuroretinal rim (NRR) loss, may help the
clinician to decide on a particular treatment or follow-up regime for a patient. Combining test
data in this way is routinely carried out mentally by clinicians, but even without automation
accurate decision making relies on the existence of an applicable topographic relationship.
Understanding of this relationship is also important when investigating the temporal sequence
of structural and functional changes in glaucoma. Whilst this is dependent on the tests used to
measure the changes, the subject attracts continued interest both for its implications for
disease detection with new and existing instruments and also for its importance in development

of clinical guidelines for the treatment and follow-up of patients with glaucoma.
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With the development and application of diagnostic imaging devices such as scanning laser
ophthalmoscopy and optical coherence tomography comes a new potential for more targeted,
patient-specific functional testing. It has been suggested, for example, that placement of stimuli
in visual field tests may be informed by topographic maps relating objective structural
measurements to areas of the visual field. This technique may allow the time available to
conduct a visual field test to be better weighted towards areas where a defect is expected

and/or more clinically relevant (Turpin et al., 2009).

The general idea of a topographic structure-function relationship has been accepted in clinical
practice for many years. The association between loss of inferior NRR tissue and visual field loss
in the superior hemifield or vice versa is a typical example. Several attempts have been made to
precisely define this relationship by linking spatial locations of functional losses in the visual
field with corresponding structural changes in the NRR or RNFL in order to produce more
detailed topographic maps (Anton et al., 1998, Boden et al., 2002, Danesh-Meyer et al., 2006,

Gardiner et al., 2005, Garway-Heath et al., 2000, Turpin et al., 2009, Yamagishi et al., 1997).

Figure 7.1 shows the map published by Garway-Heath et al (2000) which links each test location
of the 24-2 visual field test to one of six optic disc sectors. This map, which from this point will
be referred to as the Garway-Heath map, was produced by superimposing the 24-2 test pattern
onto fundus photographs showing prominent RNFL bundles or visible RNFL bundle defects
which could be manually traced back to insertion at the optic disc. The map produced is
consistent with what would be expected from the neural layout of the retina (Fitzgibbon and
Taylor, 1996, Ogden, 1974, Ogden, 1983, Radius and Anderson, 1979) but is based solely on
structural data, no visual field data were used. Despite this the map has been widely accepted
and used in studies of the relationship between retinal light sensitivity and optic disc or RNFL

structure in glaucoma.
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Figure 7.1: Representation of the 24-2 visual field sectors (left) as defined by Garway-Heath
(2000) with colour and numerically-coded corresponding optic disc sectors (right) for a right
eye. Optic disc sectors are numbered sequentially from 1 to 6 with 1 being the temporal sector,
2 the superior-temporal sector etc.

More recently, papers by Gardiner et al (2005) and Turpin et al (2009) have described maps
based on visual field sensitivity data and HRT optic disc measurements from patients with
glaucoma. Gardiner et al based their map on whichever of 36 optic disc sectors best correlated
with each test location of the 24-2 pattern within their sample. The correlations found were,
however, very weak with the best correlation between each test location and an optic disc
sector ranging from 0.120 to 0.520 (mean 0.277) and only 27 of the 52 non-blind spot test
locations exhibiting a correlation greater than 0.2 with at least one optic disc sector. Similar
weak relationships were found by Turpin et al albeit with a smaller dataset. Their results
showed that 67% of visual field locations could be mapped to one of six optic disc sectors with
statistical significance after both the visual field and optic disc measurements had been
normalised with the fellow eye. The mean correlation between a visual field location and

corresponding optic disc sector was 0.35.
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One reason for this weak topographic structure-function relationship is the large amount of
between-subject variation exhibited in the temporal sequence of structural and functional
changes as found in previous cross-sectional studies (Harwerth and Quigley, 2006, Hood et al.,
2007). Whilst this is a limitation of using cross-sectional data it cannot exclude the possibility
that the topographic structure-function relationship may not follow the anatomically expected
pattern, or may simply be weak. The use of a large cross-sectional dataset should minimise this
problem by averaging, making it unlikely that this variability could fully explain a lack of a strong
relationship. Variations in disease process may offer another explanation for measurements

taken from patients with glaucoma not following the anatomically expected pattern.

In this paper we evaluate the strength of the topographic relationship between clinical
measures of optic disc structure and functional measures of the visual field in glaucoma. We
test both a published structure-based map (the Garway-Heath map) and a large sample of
computer-generated maps in which visual field test points are randomly grouped and assigned
to corresponding optic disc sectors without any clinical or scientific preconceptions. Our
hypothesis is that if a strong relationship does exist between locations of optic disc and visual
field damage, then the computer-generated maps which show the strongest relationship in the

sample should approximate to the true relationship, irrespective of the absolute correlation.

7.3 Methods

7.3.1 Study population

SITA 24-2 (Humphrey Field Analyzer, Carl Zeiss Meditec, Ca) visual field and HRTII (Heidelberg
engineering GmbH, Germany) optic disc data from 185 patients with primary open-angle
glaucoma and previous visual field test experience were taken from the de-identified databases
of previous studies in Manchester, UK (Coops et al., 2006) (n=93) and Halifax, Canada (Artes and
Chauhan, 2005) (n=92). All patients provided written informed consent in agreement with the
tenets of the Declaration of Helsinki at the time of the original studies. The studies were

approved by the ethics committees of the respective institutions.
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All patients had clinically-diagnosed glaucoma based on both optic nerve head and visual field
damage confirmed over at least 4 visits to the glaucoma clinics of either the Manchester Royal
Eye Hospital (Manchester patients) or the Eye Care Centre at the Queen Elizabeth Il Health
Sciences Centre (Halifax patients). In addition, patients were selected who had both visual field
mean deviation (MD) worse than (<) -2.5dB and pattern standard deviation (PSD) worse than (>)
2.5dB. Allincluded visual field plots and corresponding HRT topography data were also
examined by one author (JD) to confirm compatibility with a diagnosis of glaucoma (for example

to rule out clear non-glaucomatous visual field loss such as hemianopia).

Where both eyes of a patient were eligible for the study, one eye was selected randomly, and all
data from left eyes were converted to right for analysis. Table 7.1 shows the age and visual field

global characteristics of the studied population.

Table 7.1: Age and visual field global characteristics of subjects from Manchester (n=93),
Halifax (n=92) and overall (n=185). Most patients had early to moderately advanced glaucoma.

Median Range
Overall 71 40 to 96
Age (years) Manchester 71 42 to 96
Halifax 71 40 to 96
Overall -7.6 -29.0t0-2.6
Mean Deviation (dB) Manchester -5.7 -26.1t0-2.6
Halifax -10.0 -29.0to-3.1
Overall 6.7 2.5t012.6
Pattern Standard Deviation (dB) | Manchester 5.8 2.5t012.5
Halifax 7.8 2.5t012.6

Optic discs were analysed by Moorfields Regression Analysis (MRA, described elsewhere
(Garway-Heath and Hitchings, 1998)). Table 7.2 shows the distribution of MRA grades assigned

to individual optic disc sectors (n=6x185=1110) from the HRT.
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Table 7.2: Distribution of assigned Moorfields Regression Analysis (MRA) grades to individual
optic disc sectors from the HRT (n =6x185 =1110)

Overall Manchester Halifax
MRA Sector grade | Number of % Number of % Number of %
sectors sectors sectors
0: Within normal 484 44 | 291 52 | 193 35
limits
1: Borderline 232 21 | 107 19 | 125 23
2: Outside normal 394 35 160 29 | 234 42
limits

7.3.2 Grading and grouping of visual field points

Visual field sensitivities are reported as a continuous variable in the 24-2 test whereas optic disc
sectors are discretely classified by MRA as in Table 7.2. To facilitate comparison of visual field
sensitivities to the HRT optic disc data, we split the visual field total deviation (TD) values into

three grades, 0, 1 and 2. Our method for doing this is described below.

7.3.2.1 Minimum discordance method for grading of visual field sensitivities

This method set the visual field grade boundaries so that we had the best possible outcome for
the Garway-Heath map (figure 7.1) given our patient data set, meaning that any bias induced by
the grading of the visual field points is in favour of the Garway-Heath map. This method was
chosen as all grading methods had potential to introduce some bias into the results, and it was
decided that by biasing towards the structure-based Garway-Heath map, any stronger
alternative topographic relationships found were more likely to be genuinely stronger
relationships, rather than simply the result of biased visual field grading. Also, this method was

not influenced by any preconceptions of what constitutes a particular severity of defect.

In order to find which boundaries generated the maximum relationship using the Garway-Heath
map an algorithm was written in MATLAB (R2008a, MathWorks Inc, USA) which set the lower
boundary at every value between 0.0dB and 10.0dB in 0.1dB steps, and the upper boundary at
every value between [lower boundary + 0.1dB] to [lower boundary +10dB] in 0.1dB steps. This
gave 10100 possible combinations of boundaries, each of which was tested with the Garway-
Heath map. In order to assess the strength of the relationships we grouped the visual field

points into the six groups described by Garway-Heath et al (2000) and took the mode grade
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within each group to represent the overall level of damage in the group. Figure 7.2 shows an
example of how a visual field is graded and grouped. We chose to take the mode grade within
the group rather than other measures (median, mean rounded to nearest integer) for the
following reasons: The median, whilst potentially more closely related to retinal ganglion cell
count, was trialled and found to result in weaker relationships (albeit the differences were
small). The grades in the groups were generally not normally distributed therefore the mean
would be a poor representation. Each group was then compared to its corresponding optic disc
sector (taken directly from the HRT sectoral MRA, see ‘Optic disc sectors’ later) using a simple
discordance measure which is described later (see ‘Discordance measure’ section). This process

was repeated for all 185 patients in our sample.

The final grade boundaries chosen were:
‘0’ =TD>-6.8dB,
‘1’ =-6.8dB<TD<-7.9dB,

‘2’ =TD<-7.9dB.
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Figure 7.2: Example of how visual
field points were graded and
grouped, in this case according to
the Garway-Heath map. Individual
total deviation values (a) are
graded either 0, 1 or 2 (b) then the
mode value of points within a
group is taken to represent the
group (c). Blind spot points are
ignored for this analysis. See
Figure 7.1 for how these groups
relate to the optic disc sectors.
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7.3.3 Optic disc sectors

The optic disc sectors were taken directly from the 6 MRA sectors used in the HRTII software. In

this study ‘sector grades’ are designated as in table 7.2.

These optic disc sectors differ slightly from those described by Garway-Heath et al (2000) as
shown in table 7.3. These differences are not likely to affect the results of our study due to the
mean standard deviation of assigned optic disc position to visual field test locations being 7.2° in
the study by Garway-Heath et a/ (2000). This means that for 95% of patients a given visual field

test location corresponds to a point on the optic disc within an almost 30° range.

Table 7.3: Differences in optic disc sectors between those described by Garway-Heath et al
(2000) and those used in the HRT Moorfields Regression Analysis. These differences are not
likely to affect our results due to the large variability in the data used in the study by Garway-

Heath et al

Sector Garway-Heath et al (2000) (degrees) | HRT-MRA (degrees)

Temporal 311-40 315-45
Superior temporal 41-80 45-90

Superior nasal 81-120 90-135
Nasal 121-230 135-225
Inferior nasal 231-270 225-270
Inferior temporal 271-310 270-315

Figure 7.3 shows the distributions of grades at each optic disc sector and corresponding visual

field sector (according to the Garway-Heath map) for all 185 subjects.
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Figure 7.3: Distribution of grades assigned to sectors of optic discs (top) and corresponding
visual field sectors according to the Garway-Heath map for all subjects (bottom). Sectors
numbered sequentially as in Figure 7.1.
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7.3.4 Discordance measure

In this section we introduce the use of a simple measure of discordance. We consider a discord
to have occurred when the grade assigned to a visual field group and corresponding optic disc
sector of a patient do not exactly match, for example if the visual field sector is graded ‘2’ and
the optic disc sector is graded ‘1’ then there is a discordance. In this way each of the six
corresponding visual field and optic disc sectors for each patient is considered and the
proportion of discordance in the entire population calculated. The resultant discordance score
lies between zero and one, with scores closer to zero representing less discordance i.e. stronger
match between visual field and optic disc sectors. The simplicity of this measure becomes
apparent when displayed in a graphical form. If we plot the grade of the visual field sector
against the grade of the corresponding optic disc sector (see figure 7.4) the result is 9 locations
representing the 9 possible combinations of matching the grades 0, 1 and 2. If there was a
perfect match of grades between the visual field groups and corresponding optic disc sectors all

points would lie on the diagonal and discordance would be 0. The measure is represented by
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the following formula where n is the total number of points and Zexactmatch is the number of

points on the diagonal:

(> exactmatch)

discordance = 1 —
7

Figure 7.4: Number of individual optic

0 393 153 176 disc sectors and corresponding visual

field groups (according to the Garway-
Heath map) given each grade for all

subjects. ‘Zexactmatch’ in the
discordance formula above refers to the
sectors within the grey line. All sectors
outside of the grey line are considered

discords in the calculation. In this

Visual field sector grade
o
N

2 91 75 217 example 614 of 1110 sectors are within
the grey line so discordance is 1-
(614/1110) =0.4468.

0 1 2
Optic disc sector grade

In order to evaluate what discordance could be expected by a chance relationship between
optic disc structure and visual field sensitivity in our dataset, a dataset of equal size to the
patient dataset was generated, in which for each visual field test location and each optic disc
sector the distribution of grades ‘0’, ‘1’ and ‘2’ exactly matched the equivalent distribution in
the patient dataset, but with random assignment to ‘subjects’. Discordance calculated from this
dataset can be considered the discordance due to chance topographical correspondence in our
dataset and used as a reference against which the discord measures from the real patient data

may be compared.

Discordance was calculated for the Garway-Heath map in both its standard form and also for

every possible permutation of the six sectors (n=720).
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7.3.5 Generation of random structure-function maps

To explore the possibility of a strong topographic structure-function relationship existing within
our dataset which does not conform to the Garway-Heath map, 10,000 maps were generated in
MATLAB in which visual field test locations were randomly assigned to one of six groups. The six
groups consisted of the same numbers of points as the groups in the Garway-Heath map such
that the numbers of points in each group were as follows: 4, 6, 8, 10, 11, 13. These points could

be spread anywhere in the visual field.

As the groups were random, there was no expected correspondence between any particular
group and optic disc sector. For this reason discordance was calculated for every possible
permutation of the six groups and six optic disc sectors (n=720). Therefore we calculated
discordance from 7.2 million different projections from the visual field points to the optic disc

sectors with our patient dataset.

If a strong topographic structure-function relationship existed within the dataset it would be
expected that the best performing (lowest discordance) maps from these 10,000 randomly-

generated maps would at least approximate to this.

7.4 Results

For the Garway-Heath map discordance was 0.4468, which was less than all other permutations

of the map (median discordance 0.4982, range 0.4468-0.5360).

These results may be compared to the dataset generated as a reference containing the same
distribution of optic disc and visual field sector grades at each location but with random
assignment of these to ‘subjects’. Discordance for all permutations of the Garway-Heath map
was measured in the range 0.5477 — 0.6261 (median discordance 0.5838). The distribution of
discordance measurements from the patient dataset was significantly lower than this
distribution (Mann-Whitney U test, p<0.01). For the Garway-Heath map in its standard form
discordance was 0.5631.
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The best projection from all 7.2 million calculations is shown in figure 7.5. The minimum
discordance found was 0.4297 (figure 7.5). This map appears to be a completely random
pattern with no likely anatomical foundation and no respect for the horizontal midline as would
be expected if this were the case. 22.7% of the randomly generated maps had at least one

permutation with discordance the same as or lower than the Garway-Heath map.
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Figure 7.5: The computer-generated map which produced minimum discordance (0.4297) from
a sample of 10,000 with colour and numerically-coded corresponding optic disc sectors (right)
for a right eye. Optic disc sectors are numbered sequentially from 1 to 6 with 1 being the
temporal sector, 2 the superior-temporal sector etc. The visual field points in all groups appear
to be randomly distributed with little respect for the horizontal midline as would be expected
should the pattern be of anatomical foundation.
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7.5 Discussion

The topographic structure-function relationship measured using the structure-based Garway-
Heath map was weak. However, the clear distinction between discordance measured with the
random dataset and with the patient dataset shows that the relationship found is not likely to
be due to chance. The large proportion (22.7%) of computer-generated maps with equal or
stronger topographic relationships than the Garway-Heath map suggests that, despite our
results being averaged across a large number of patients, the Garway-Heath map does not well
represent the topographic relationship in our sample. The strongest topographically-related
maps produced do not approximate to the relationship expected based on RNFL anatomy, and
their points do not appear to cluster significantly or even respect the horizontal midline as
would be expected if a strong topographic structure-function relationship existed. These results
suggest that the weak relationships found are not simply due to anatomical and measurement

variability, but may actually be a feature of the disease itself.

There are several possible explanations as to why a stronger relationship was not shown. For
example, some variation in the layout of ganglion cell axons in the RNFL and their insertion into
the optic disc does occur, (Garway-Heath et al., 2000) and variations in axial length, global
shape, location of blood vessels and optical properties of the eye add to this, weakening the
relationship in cross-sectional data. However, this is unlikely to be the sole factor limiting the
strength of this relationship. Anatomical variations are likely to be small, and would be
expected to result in clustered areas of visual field points relating to the optic disc sectors, albeit
in slightly different positions for different patients. One would expect that by generating a large
number of maps using data from a large number of patients these effects would average out
such that the best maps would at least approximate to that expected based on RNFL anatomy

(i.e. the Garway-Heath map), yet this was not the case.

Similarly, if a physiologically perfect relation existed in the data, with the addition of
measurement variability alone we would expect the measurement variability to be

approximately evenly distributed around the true values and so by averaging across a large
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dataset, and testing such a large number of topographic maps, the best performing map would
at least approximate the true relationship. We can clearly see that this does not occur by the
lack of any noticeable clustering of points in the best performing map. Also, variability in terms
of defect depth in the visual field is reduced by the grading of TD values, which means we are
testing a more gross relationship which is less affected by measurement variability than if we

had compared absolute values from the optic disc and visual field.

Whilst we know from previous studies that the relationship between ganglion cell loss and loss
of visual field sensitivity is approximately linear (when visual field sensitivities are plotted on a
linear scale), (Harwerth and Quigley, 2006, Hood et al., 2007, Harwerth et al., 2005, Hood and
Kardon, 2007) there is considerable variability in the data and this is another potential factor
limiting the strength of the topographic relationship we measure here. Again, however, this

variation would be minimised as a result of the large number of patients in our sample.

It seems likely, therefore, that the lack of a strong topographic structure-function relationship in
glaucoma may actually be a characteristic of the disease process or processes. For example,
one possible theory that would explain why some visual field defects do not correspond
topographically to optic disc changes is the occurrence of intermittent or partially mobile visual
field defects. These could occur due to localised vascular events or failures of axoplasmic flow
at any point along the length of a retinal ganglion cell, which may not affect optic disc structure
in the first instance. It has previously been suggested that in some cases reversible visual field
damage caused by vascular insufficiency can precede more permanent loss, (Flammer et al.,
2002) and it seems reasonable that in these cases there may be no measurable structural
change to the optic disc. Another situation which has been proven to occur in experimental
glaucoma in primates (Weber and Harman, 2005) is that of dysfunctional ganglion cells which
have reduced function (and so produce a visual field defect) yet are still present so structural
measures such as the HRT will not detect a change, limiting the strength of any structure-

function relationships in glaucoma.
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The lack of a strong topographic structure-function relationship in glaucoma is consistent with
previous reports. Broadway et al (1999) investigated the different patterns of optic disc
damage which occur in glaucoma, and the patterns of visual field damage associated with each.
It was found that only 7% of patients could be considered to have a ‘pure’ example of one type
of optic disc damage, with most patients having a mix of types. In patients who did exhibit
purely focal optic disc damage, nearly all had a focal visual field defect, but in 50% of these
cases this was in combination with a more diffuse loss. Conversely in those patients with more
generalised optic disc damage 58% had localised visual field damage, which occurred in isolation
in 37%. The occurrence of localised visual field defects with generalised optic disc damage and
vice versa suggests that the spatial patterns of visual field and optic disc damage in glaucoma

may not be intimately linked.

Our findings are also consistent with previous studies by Gardiner et al (2005) and Turpin et a/
(2009) which also found only weak correlation between spatial locations of optic disc and visual

field damage as described in our introduction.

The visual field-grade boundaries generated may be compared to the clinically-derived visual
field classifications of Hodapp, Parrish, and Anderson, (Hodapp et al., 1993) although these are
for mean deviation rather than individual TD values (MD, weighted mean of all TD values across
the whole field), see table 7.4. Whilst our boundary for the most extreme category of loss is
lower than that of Hodapp, Parrish and Anderson it is worth noting that our sample contains
mostly early to moderate glaucoma, therefore it is perhaps beneficial that we split our dataset

into 3 groups which better reflect the distribution of defects within the sample.
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Table 7.4: Comparison of chosen visual field grade boundaries with those suggested by Hodapp
et al (1993)
Hodapp et al Present study

Early ‘0’ MD>-6dB TD>-6.8

Moderate ‘1’ | -6dB>MD>-12dB | -6.8<TD<-7.9

Advanced ‘2’ MD<-12dB TD<-7.9

An interesting finding of this study is that when the visual field grade boundaries were adjusted
to minimise the discordance produced by the Garway-Heath map, very few ‘1’s resulted. This
implies that the strongest relationship between the two measures is achieved when the
‘borderline’ HRT values are considered ‘within normal limits’. A possible explanation is that the
topographic relationship is stronger in more advanced disease, so a stronger relationship results
when early losses are ignored. This is consistent with a theory of intermittent visual field losses

preceding permanent losses in early glaucoma.

An alternative approach to the analysis of these data could avoid the pitfalls of grading the
visual field and optic disc sectors into discrete categories. Mean visual field sensitivity within
each visual field group could be compared to the log neuroretinal rim area within each
corresponding optic disc sector by Spearman correlation, and the correlation coefficients
summed to obtain an overall measure of association for the map tested. This could be done for
each permutation of the Garway-Heath map and the randomly generated maps as in this study.

A re-analysis by this method of the data reported here may be carried out in a future study.

One difference between this study and some previous studies is that we did not apply any
further analysis to the optic disc data beyond that carried out by the standard software supplied
with the instruments, such as normalising against the fellow-eye or adjusting for the exact
position of the optic disc. Whilst this could be seen as a limitation of our study in that we may
have found a slightly stronger relationship had we done this, it must be remembered that for

topographic structure-function maps to be of clinical use they must be applicable to clinical
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data. By using optic disc and visual field measures which are readily available to clinicians our
results are more applicable to clinical scenarios where such further analysis is not feasible at

present.

Previous studies have also divided the optic disc into more sectors than the six used in this study
in order to link areas of the NRR with visual field test locations with greater resolution.

However in our study this would only weaken the relationship found. Because of this, our
results may be considered a ‘best-case’ for unmodified clinical data from patients with early to
moderately advanced glaucoma. In more advanced cases of glaucoma visual sensitivity tends
towards zero across the entire visual field and the optic disc tends towards total cupping so it is

unlikely that inclusion of such cases in our dataset would improve the relationship found.

In conclusion the application of topographic structure-function maps to individual patients with
glaucoma may be limited, possibly as a consequence of the disease process itself. This reduces
the clinical and scientific utility of these maps such as in combining topographical information
from the optic disc and visual field to aid glaucoma diagnosis in uncertain cases or in targeted
patient-specific perimetric tests. It is possible that the weak relationship found is not simply a
result of measurement and anatomical variation between patients but is also contributed to by
the disease process itself, and further research is required to ascertain the mechanisms behind

sensitivity losses in the visual field which are not explained by corresponding optic disc change.
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8. Testing of a high-resolution multispectral fundus
imaging system for measurement of optic disc
tissue oxygenation

8.6 Contribution

This work was carried out by our multispectral imaging group; myself, David Henson (DBH), Ingo
Schiessl (IS) and Vincent Nourrit (VN) in collaboration with an MSc student working with us,
Mikhail Ponomarenko (MP). MP was conducting his MSc project on the topic of test-retest

variability of optic disc oxygenation measured by multispectral imaging.

The modification of the fundus camera and construction of the multispectral system were
carried out mainly by VN with help from myself and DBH. Initial informal testing of the system
was carried out by myself and VN with help from DBH and IS. The method of converting the
multispectral image data to oxygenation maps was previously developed by IS for brain imaging

and modified for these image series by IS.

The repeatability study was designed by myself and DBH, and subjects were recruited by MP.
Monochromatic image series were collected by MP under my supervision/instruction. MP also
carried out (under my supervision/instruction) the alignment of the monochromatic images
using a series of MATLAB routines written by VN, and computed the oxygenation maps from the
aligned images using a MATLAB script written by IS. MP then carried out the segmentation of
the optic discs from surrounding tissue and the masking of the blood vessels using a series of

MATLAB routines written by myself.

The division of the optic discs into 8 sectors relevant to use in glaucoma, evaluation of test-
retest variability of the oxygenation measurements in these sectors and statistical analysis was
then carried out by me. This was done with a view to using these sectors in my next projects
(reported in chapters 9 and 10). MP independently carried out his own analysis of generic test-
retest variability which was less specific to glaucoma and is not reported here. Finally | wrote
the chapter featured here.
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8.1 Abstract

8.1.1 Purpose
To describe a high-resolution multispectral fundus imaging system and the production of spatial
oxygenation maps of the optic disc using the system. To evaluate the test-retest variability of

the oxygenation maps in healthy subjects when analysed with relevance to glaucoma.

8.1.2 Methods

Eight eyes of 8 healthy volunteers were imaged with a multispectral system consisting of a
modified fundus camera incorporating a Peltier-cooled CCD array and a 250W halogen lamp
filtered by a fast-tuneable liquid crystal filter. Eight images were captured sequentially over
~1.5s at wavelengths selected according to absorption properties of blood components (range
496- 700nm), and a Beer-Lambert law model was used to produce oxygenation maps of the
optic disc from the aligned images. Subjects were imaged 12 times in 4 sets of 3 images over
two visits to the department. After segmentation of the optic disc and masking of visible blood
vessels from the oxygenation maps, the disc was divided into eight 45° sectors. Test-retest
variability was evaluated both within- and between-sets of images by coefficient of variation,

estimated within-subject standard deviation and Bland-Altman analysis.

8.1.3 Results

Coefficients of variation in oxygenation for all sectors were below 5% both between images
within a set and between averaged values from different sets. No significant differences were
found in coefficients of variation (p=0.21) or estimated within-subject standard deviation
(p=0.07) when comparing images within a set or comparing averaged values between sets.
Limits of repeatability between averaged values from sets taken both ten minutes and one

week apart were well within the measured range of the system in these healthy eyes.

8.1.4 Conclusions

Good quality oxygenation maps of the optic disc can be produced using the multispectral
system. Measurements of oxygenation in 45° optic disc sectors are repeatable both on the
same day and one week later, and the majority of the current variability is between individual

images. Improvements in the image processing techniques may further reduce variability.
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8.2 Introduction

Ocular blood flow and blood flow velocity can currently be measured by a variety of methods
and technologies, but this may be considered a somewhat indirect measurement of what is
really important in ischaemic disease, the oxygenation of tissue. In glaucoma for example,
progressive structural damage to the optic disc is a hallmark of the disease but controversy
remains around the exact mechanisms behind this damage. Some theories suggest that
ischaemia or vascular dysregulation at the level of the optic disc may play a role in the
pathophysiology of the disease, but the extent of this involvement is difficult to ascertain

without a direct method of assessing optic disc oxygenation.

Multispectral imaging has been widely used in biomedical research to directly image changes in
brain tissue oxygenation in response to sensory stimuli in animal models (Malonek and Grinvald,
1996, Mayhew et al., 1999, Berwick et al., 2005). The technique relies on the wavelength-
dependency of light absorption properties of blood components. By imaging tissue at a range of
wavelengths tailored to produce maximally different images relating to oxygen levels, relative

oxygenation maps of the imaged tissue can be produced.

Several groups have reported on ocular applications of multispectral imaging techniques which
promise a more direct measure of tissue oxygenation. Though approaches to image processing
and analysis vary between groups, all methods aim to utilise spectral information which is
generally ignored by current imaging devices focusing instead on high resolution of structural
detail. Khoobehi et al (2004) used a slit spectrography technique to measure relative oxygen
saturation changes in the optic discs of immobilised healthy non-human primate eyes in
response to alterations in intraocular pressure and the oxygen content of inspired air. Ito et al
(2008) used multispectral imaging to calculate the oxygenation of small areas of juxtapapillary
retina in patients with glaucoma and healthy subjects. On average they found a reduction in
oxygenation in glaucomatous eyes compared to healthy eyes (albeit with substantial overlap in

range).
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In this chapter we describe and test a multispectral system based on modifications made to a
standard fundus camera. The aim was to allow collection of multispectral images of the retina
quickly and comfortably for the subject, and to process these images to produce repeatable
oxygenation maps of the imaged tissue. Since we are particularly interested in the application
of this technology to glaucoma, we concentrate on the optic disc and describe an analysis for
calculating oxygenation in eight 45° sectors of the disc. We evaluate test-retest variability of the
oxygenation levels calculated in these sectors with a view to later relating these measurements

to visual function.

8.3 Methods

8.3.1 The Multispectral System

The multispectral system was based around a series of modifications to a mydriatic film fundus
camera (Zeiss Fundus Flash 3, West Germany). The original flash light source was removed and
replaced with an external source coupled to the camera by optical fibre. The external light
source was originally based around a 150W xenon lamp (Osram XBO, Osram GmbH, Germany)
which was heat filtered and collimated by a custom-built system. This lamp was powered by a
dedicated switched-mode power supply (Rofin 7730, Rofin Ltd, Surrey, UK). Later, we replaced
this source with a 250W halogen lamp which has an in-built heat filter and projecting lens
(Diamator 150 slide projector, AGFA, Mortsel, Belgium). This light source has a reduced
emission profile in the UV, does not produce ozone and greatly reduces the cost of replacement
lamps. The halogen lamp was powered by a smoothed DC power supply unit (TSX3510, Thurlby
Thondar Instruments, Huntingdon, UK) with a voltage ripple of less than 0.01% to ensure light

output was as constant as possible.

The output light was filtered by a fast-tuneable liquid crystal filter (Varispec VIS 07-20 STD,
Cambridge Research Instrumentation, UK) with a 7nm half width at half maximum. An aspheric
condensing lens then gathered the filtered light into the optical fibre (core diameter 5mm,

numerical aperture 0.59), the other end of which was fixed at the position of the fundus
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camera’s original flash light source by a 3-axis translation system which allowed for careful

positioning of the fibre for optimum light delivery.

Reflected light from the fundus was captured by a low-noise Peltier-cooled CCD array (Orca
C4742-80-12AG, Hamamatsu Photonics, Hamamatsu, Japan) with a spatial resolution of
336x256 pixels (after 4x4 binning). This replaced the original film camera in the imaging plane
of the fundus camera. An auxiliary viewing system was removed from the viewing path of the
fundus camera, which shortened the path necessitating the addition of a condensing lens to
bring the image onto the CCD array. This viewing system was redundant as the CCD array
allows us to monitor the image in real time. Images recorded have a horizontal field-of-view of
approximately 15° at the fundus. This is smaller than the fundus camera’s original field of view

due to the use of a ‘cropped’ CCD array which is smaller than the original photographic film.

Figure 8.1 shows the system with the halogen lamp.

Figure 8.1: The multispectral imaging system incorporating (a) modified fundus camera with (b)
Peltier-cooled CCD array, (c) fluid optic, (d) fast tuneable liquid crystal filter and (e) 250W
halogen lamp.
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8.3.2 Subjects

This study adhered to the tenets of the Declaration of Helsinki and all participants gave written
informed consent to take part. The study was approved by the NHS Central Manchester
Research Ethics Committee. To formally test the instrument and to evaluate test-retest
variability of the oxygenation maps produced (see later) healthy volunteers (n=8, median age 27
years, range 25-61 years) with no ocular disease, clear ocular media and normal visual fields
were recruited. Following pupillary dilation subjects were imaged 3 times in succession with the
multispectral system (see below), followed by a ten minute break before another 3 image series
were collected in succession. Subjects were then asked to return one week later to repeat the
same process. Each monochromatic image series was used to produce one multispectral image
(see section 8.3.4 later), leaving us with four sets of 3 images (12 monochromatic image series
in total) collected on two separate visits to the department. Figure 8.2 describes this process

for the purpose of clarity.

Monochromatic | | Monochromatic| | Monochromatic

15t set of images: ; A :
Image Series Image Series Image Series

10 minute wait, system re-set

Monochromatic| | Monochromatic| | Monochromatic

2" set of images: ] . ,
Image Series Image Series Image Series

Return 1 week later

Monochromatic| | Monochromatic| | Monochromatic

3" set of images: ] . ,
Image Series Image Series Image Series

10 minute wait, system re-set

Monochromatic | | Monochromatic| | Monochromatic

4th set of images:
Image Series Image Series Image Series

Figure 8.2: Flow chart describing the images captured for each patient. On the first visit 3
monochromatic image series were captured consecutively to form the first set of images. After
a ten minute wait a further 3 monochromatic image series were captured consecutively to form

the second set of images. The patients then returned one week later and the process was

repeated to form the third and fourth sets of images. Each of the 12 monochromatic image
series was used to produce an oxygenation map (see section 8.3.4).
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8.3.3 Image Capture

Monochromatic images were captured sequentially at 8 different wavelengths (496, 550, 570,
575, 580, 586, 610 and 700nm) selected according to the absorption properties of blood
components (OMLC, 1998, van Assendelft and Zijlstra, 1975, Benesch et al., 1973). More
specifically, we captured images at 2 isobestic wavelengths (550 and 570nm), at wavelengths
where the ratio between light absorption by oxygenated and deoxygenated haemoglobin is
maximal (575, 580 and 610nm) and at 700nm, where tissue scattering dominates. We also
acquired images at the wavelengths 495nm and 586nm for the future implementation of a path

length independent spectroscopic analysis similar to that of Berwick et al. (2005).

Total acquisition time for the 8 monochromatic images was <1.5s, with the exposure time for
each individual image varying according to wavelength (range 0.03s (610 and 700nm) to 0.6s
(496nm)). This variable acquisition time compensated for the emission profile of the light
source, the transmission profile of the liquid crystal filter and the sensitivity profile of the CCD
array, all of which are lowest at the blue end of the spectrum. Approximately 0.3s of the total
acquisition time was attributable to the time taken for the filter to switch between
wavelengths. Following capture, all monochromatic images were subjectively reviewed for
quality and any poor images, such as those due to eye movement, were discarded and re-

captured.

8.3.4 Production of Spatial Oxygenation Maps
The captured monochromatic images were corrected for systematic variations due to the
inhomogeneous sensitivity of the system across different wavelengths with a correction factor

derived from images taken of a white surface with a flat absorption spectrum.

The monochromatic images were then aligned using a series of MATLAB routines based on the
identification of landmarks in the images. Due to the relatively large size of the images and
their detailed nature this provides little difficulty. Several approaches to alignment were trialled

(combination of translation, rotation and scaling; shearing and/or tilt correction; polynomial fit;
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piecewise linear transformation and local weighted mean fit) and a combination of translation,
rotation and scaling was deemed best for our images. This was determined simply by direct
observation of contrast, resolution of detail and movement artefacts in the aligned images

rather than by using arbitrary image quality metrics such as RMS contrast.

Using a Beer-Lambert law model (Malonek and Grinvald, 1996, Mayhew et al., 1999, Berwick et
al., 2005) we then calculated pixel-by-pixel oxygenation maps of the imaged tissues from the

aligned images. The model used (for each pixel) was as follows:

'Iog[lk/liso] = Acoxysoxy()\)'l' ACdeoxygdeoxy()\) )+ ACscatteringgscattering()\)

In the model I is the pixel intensity at wavelength A, |5, is the pixel intensity at the isobestic
wavelength 570nm, Ac,,, and Acgeyy, are the changes of chromophores (oxygenated and
deoxygenated haemoglobin) and €., and €4e0xy are extinction coefficients for the same. Acgcattering
and &carering are the components for tissue scattering. Appendix | gives a detailed description of

how the oxygenation maps are produced from the monochromatic images using this model.

Figure 8.3 shows the steps involved in converting a monochromatic image series to a

multispectral image (oxygenation map).

Monochromatic Image Series (8 images, wavelengths
496, 550, 570, 575, 580, 586, 610, 700, 720nm)

Figure 8.3: Flow chart showing

. . L o how each monochromatic image
alignment & correction for systematic brightness variations . .
series was converted to a single

oxygenation map.
pixel-by-pixel Beer-Lambert law calculation Ve P

Multispectral Image
(oxygenation map)
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8.3.5 Data Analysis

Image processing was carried out in MATLAB (R2008a, The Mathworks Inc, Natick, MA, USA)
with the Image Processing Toolbox. A mask was applied to each of the spatial oxygenation
maps to segment the optic disc from the surrounding retina, and then a second mask was
applied to remove visible blood vessels from the maps, leaving only optic disc tissue. Masking
was performed manually on each oxygenation map with reference to the original
monochromatic images at each wavelength. Automated masking methods were tried
(thresholding, edge detection) but the results were not satisfactory so manual masking was
preferred. Oxygenation levels were then calculated from the masked maps in eight 45° sectors
around a user-defined central point, as shown in figure 8.4.

Figure 8.4: The eight 45° sectors (shown for a

right eye) into which the optic disc was

divided for analysis. In the oxygenation maps

the sectors are centred around a user-defined

centre point of the optic disc. Sectors in later
figures are labelled as in this diagram.

Test-retest repeatability was measured first for each sector across all 12 multispectral images
(coefficient of variation, estimated within-subject standard deviation (Bland and Altman, 1996)).
Next repeatability within a set of 3 consecutively captured multispectral images was assessed by
the same methods. Sector oxygenation values within sets were then averaged (4 sets per
patient) to calculate repeatability across different sessions. For these averaged sets
repeatability was assessed again by coefficient of variation and estimated within-subject
standard deviation. To evaluate repeatability between sessions separated by either ten minutes
or one week in more detail Bland-Altman analysis was carried out and limits of repeatability

calculated (Bland and Altman, 1986).
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8.4 Results

The optic discs of all 8 subjects were successfully imaged 12 times in 4 sets of 3 image series as
described above. Anecdotally, all subjects found the imaging process comfortable and no
adverse effects were reported. Light measured at the plane of the subject’s pupil was below
the maximum permissible exposure according to ANSI limits (American National Standards

Institute, 2001).

Figure 8.5 shows an example series of monochromatic images from one subject and figure 8.6
shows the oxygenation map produced from these images. In the oxygenation map the brighter
areas represent areas of higher oxygenation, and the darker areas represent areas of lower
oxygenation. The brightest areas in these maps are generally the blood vessels which are
brighter because they have both greater oxygenation and a higher density of the chromophores
(haemoglobin) than the surrounding tissue. Oxygenation at each pixel is represented in
arbitrary relative units, though because images are scaled for display they do not show the full
dynamic range of measurement available.

496nm, 600ms 550nm, 200ms

570nm, 100ms 575nm, 70ms

580nm, 70ms 586nm, 70ms 610nm, 30ms 700nm, 30ms

Figure 8.5: Monochromatic images of one subject’s optic disc taken at 8 different wavelengths.
Images are labelled with wavelength and exposure time.
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Figure 8.6: Oxygenation map
derived from the images in

figure 8.5. Brighter areas
represent areas of greater
oxygenation. The brightness
scale corresponds to the
arbitrary units of oxygenation
used.

The manual masking of blood vessels and segmentation of the optic disc from the surrounding
retina in the oxygenation maps were potential sources of variability. This can be seen in figure
8.7 which shows six images of one optic disc taken on the same day. Although this may be a
somewhat extreme example it highlights the potential for human error to affect the
repeatability of the masking done this way. Further potential for variability was added by
variations in placement of the user-defined centre point around which the 8 45° sectors were

arranged.

Set1 Set 2 (10 minutes later)

Figure 8.7: Six masked oxygenation maps of the same optic disc taken on the same day.
Variability can be seen in the manual masking of blood vessels, and also in the manual
segmentation of the optic disc from the surrounding retina.

Figure 8.8 shows the coefficients of variation in oxygenation of each optic disc sector (as defined

in figure 8.4) for each patient across all 12 images. Each subject is individually represented by a
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black circle, and the red circles represent the mean values across all subjects. The red triangles
in the plot represent the mean coefficient of variation in optic disc sector oxygenation within
sets of 3 consecutively captured images and the red crosses represent the same measure

between average values from these sets (for all subjects).

16

=
o
©
=
S .
< 10
O .
2 .
- Y L] L] ® ®
_5 b . . .
E L ® . L L ]
= °
g P [} ! ] ‘ L4 .
'S * ‘ » ° °
2 5¢ & | H { é +
A

3 A $ . d °
o
= ‘- [ . 3
[} ° ® ° L]
S s
O °

| | 1 1 | | 1

Csup B A Fsup Finf E D Cinf

Optic Disc Sector

Figure 8.8: Coefficients of variation in optic disc sector oxygenation across all 12 images for all
subjects. Each subject is individually represented by a black circle. Red circles represent the
mean values across all patients. Red triangles represent the mean coefficient of variation in
optic disc sector oxygenation within sets of 3 consecutively captured images, and red crosses
represent the same measure between average values from sets (for all subjects). Optic disc

sectors are labelled as in figure 8.4.

From figure 8.8 it is apparent that the majority of the variability is between individual images.
Variability is similar (no significant difference, Wilcoxon signed ranks test, p=0.21) whether
comparing images within a set taken consecutively, or comparing images taken in different
sessions. Table 8.1 gives the estimated within-subject standard deviations (Bland and Altman,
1996) of optic disc sector oxygenation for all subjects. Again, the majority of variability is
between individual images and there is no significant difference in variability within- or

between-sets (Wilcoxon signed ranks test, p=0.07).
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Table 8.1: Estimated within-subject standard deviations (arbitrary units) of optic disc sector

oxygenation for all 12 images, within sets of 3 consecutively captured images, and between

average values from sets (all patients).

o

D

X

%

v

>

All 12 images | 1.89 2.14 1.92 1.80 1.86 1.92 1.86 2.12
Within-sets 1.65 1.94 1.62 1.46 1.46 1.61 1.62 1.69
Between-sets | 1.38 1.50 1.48 1.44 1.53 1.48 1.38 1.73

Bland-Altman analysis (Bland and Altman, 1986) was used to assess in more detail the variability

between sets of averaged oxygenation values for each optic disc sector. Figure 8.9 shows an

example Bland-Altman analysis of sector B (superior-temporal) for sets taken 10 minutes and 1

week apart. In a perfectly repeatable test all points would lie on the solid grey line in all the

plots. The dashed grey lines in plots (b) and (d) give the limits of repeatability of the test, and

the mean difference (mean distance above or below the solid grey line in these plots)

represents the systematic bias in the test i.e. whether oxygenation is systematically higher or

lower in the second session.
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Figure 8.9: Example Bland-Altman analysis of between-session test-retest variability for sector
B (superior-temporal sector). (a) and (c) are scatter plots of the data from the first set vs. the
second set taken 10 minutes and 1 week later respectively. The grey line in these scatter plots
isa 1:1 line for reference. (b) and (d) show the mean oxygenation from the 2 tested sets plotted
against the difference in oxygenation between the 2 sets taken 10 minutes and 1 week apart
respectively. In these plots the solid grey line is the line of no systematic bias, and the dotted
grey lines represent the upper and lower limits of repeatability. (a) and (b) have 16 points
representing each of the 8 subjects on 2 visits, whilst (c) and (d) have 32 points representing
each combination of the 2 sets taken at each visit (therefore 4 points per subject).

Figure 8.10 shows the mean and 95% range of optic disc sector oxygenation of all images of all
subjects and the systematic bias and limits of repeatability of these values for sets re-tested 10

minutes and 1 week apart. The red crosses represent the mean oxygenation with added
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systematic bias, which is minimal. The plots show that even in this small sample of healthy

subjects the measurement range of the instrument far exceeds the limits of repeatability.
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Figure 8.10: Mean and 95%
range of optic disc sector
oxygenation values across all
images of all subjects (black
line/whiskers) with mean test-
retest difference (systematic
bias) represented by the
difference between the black
circles and red crosses. Red
whiskers give the limits of
repeatability between sets of
images taken (a) 10 minutes
apart and (b) one week apart.
Optic disc sectors are labelled
asin figure 8.4.

Limits of repeatability were significantly narrower between sets of images taken one week apart

rather than ten minutes apart (Wilcoxon signed ranks test, p<0.05). Based on the limits of

repeatability found for each sector, for a change in sector oxygenation due to disease to be

detectable with the current system it would have to exceed 3.8 units on average (range 3.53 to

4.16 units in individual sectors).
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8.5 Discussion

Multispectral imaging was performed successfully on a group of healthy subjects. The
technique used was non-invasive, safe and comfortable for the subjects. Good quality spatial
oxygenation maps of all subjects’ optic discs were produced. With the current system the
minimum detectable change in optic disc sector oxygenation due to disease is 3.8 units on

average.

Coefficients of variation between consecutively captured images within sets were below 5% for
all sectors, and between-set repeatability of optic disc sector oxygenation values averaged
across sets of three images was similar (figure 8.8). Limits of repeatability and estimated within-
subject standard deviations were well within the measured range of the instrument in the
healthy subjects imaged (figure 8.10). The true measurement range of the instrument is
expected to be much larger in patients with ocular disease affecting optic disc oxygenation.
Estimated within-subject standard deviations were also not significantly different within- or
between-sets of images, and there was no systematic tendency for increased or decreased

measurements in repeat image sets taken ten minutes or one week after the initial set.

It is somewhat surprising that the limits of repeatability were narrower for image sets taken one
week apart compared with those taken ten minutes apart. It is possible that this small but
statistically significant effect arose as a result of the increased number of comparisons in the
one week sets; this would reduce the effect of minor outliers on the data and therefore narrow
the limits of repeatability. Nevertheless, the fact the limits of repeatability were not wider for
image sets taken one week apart compared to ten minutes apart is promising, as it implies that
there is little change in the true oxygenation of the imaged tissue and that the variation found is

therefore within the imaging process.

The fact that variation is not increased between image sets compared to within image sets
(figure 8.8, table 8.1) also suggests that the vast majority of the variation is between the

individual images, the oxygenation values from which were averaged for comparison between
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sets. This is again a promising finding as it means that the process of setting-up the instrument
for the subject (positioning the subject, aligning and focusing the system etc.) causes little of the
variability, since if it did one would expect increased variability between image sets compared
to within them. It seems likely therefore, that the majority of the variability is introduced during
the image processing stage, that is to say the production of the oxygenation maps from the
monochromatic images, the segmentation of the optic disc from the surrounding retina, the
masking of blood vessels and the positioning of the centre-point around which the eight sectors

are arranged.

Variability in the production of the oxygenation maps could arise from imperfections in the
alignment of the monochromatic images, or slight differences in the exposure of certain areas
of the monochromatic images caused by slight changes in fixation by the subject. Shifts in the

overall brightness in the image series could also induce variability in the oxygenation maps.

Later processing stages seem a more likely major source of variability; figure 8.7 shows an
example of the amount of variation in the segmentation of the optic disc from the surrounding
retina and the masking of the blood vessels in oxygenation maps of the same optic disc. This is
a result of the manual method used to carry out these processes which is a limitation of the
current system. As previously mentioned automated methods for both of these processes were
trialled, but were not used as the results were not satisfactory. Particularly in the case of
masking the blood vessels, automatic methods such as thresholding and edge detection tended
to leave areas of vessels unmasked and since the major vessels are much brighter than the
surrounding tissue in the oxygenation maps this would cause even greater variability. Masking
of blood vessels may always be a problem in analysing these oxygenation maps since even small
areas of unmasked vessels may have a large effect on the measured oxygenation in a sector due
to their high oxygenation values. The manual method used was deemed better than automated

methods as better coverage of the vessels could usually be ensured by the user.

Variability is also added by the manual positioning of the centre-point around which the eight

optic disc sectors are arranged. Again, small variations in sector placement can move an area of
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particularly high or low oxygenation into a different sector in repeat images. One possible
solution to this would be an automated algorithm to define the centre-point of the optic disc
based on its outer limits, although this would obviously require repeatable automated

segmentation of the optic disc from the surrounding retina.

The system captures the monochromatic images sequentially which holds the advantage over
simultaneous capture that exposure time can be adjusted independently for each wavelength,
ensuring that all images are correctly exposed. The wide range of exposure times used
highlights the value of this. Sequential capture does require alignment of the monochromatic
images before oxygenation maps can be produced but this was achieved satisfactorily with a
combination of translation, rotation and scaling. This method worked well because image
deformation could be well approximated by a global transformation, and this method only
requires a small number of landmarks to be manually identified in the images by the user. This
is especially important because at the long wavelengths most optic disc features are not visible,

making accurate selection of control points difficult.

A potential limitation to the applicability of these methods to future studies lies in the averaging
of oxygenation values across sets of consecutively captured images. This obviously requires
multiple good quality sets of images to be obtainable, which wasn’t a problem in this cohort of
mostly young, healthy subjects with clear ocular media but it could prove to be a problem in a
more elderly population where media clarity and ability to sit at the instrument for multiple
image captures might be reduced. However, since we have shown that the variability between
averaged values from sets of images is the same as the variability between individual images it

seems that this step may not be necessary for future studies.

Further work to reduce the variability of the oxygenation maps should focus on developing
repeatable, automatic methods of segmenting the optic disc from the surrounding retina,
masking the blood vessels and defining the centre-point of the optic disc. One way to improve
the existing manual segmentation/masking process would be for the user to have an

independent image for reference whilst performing the task. This could come from a standard
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fundus photograph, or a three dimensional topography image such as from the Heidelberg
Retina Tomograph. Improvements in these areas should yield a significant reduction in test-
retest variability of sector oxygenation measurements, and reduce the minimum detectable

change in optic disc sector oxygenation for longitudinal studies.
In conclusion, the system developed is safe and comfortable for the subject and produces

repeatable measures of optic disc sector oxygenation. Variability could be further reduced

through improvement in the image analysis techniques.
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9.0 The relationship between optic disc oxygenation
and visual field sensitivity in glaucoma

Contribution

This project was carried out by our multispectral imaging group comprising of myself, David
Henson (DBH), Ingo Schiessl (IS), Vincent Nourrit (VN) and Cecilia Fenerty (CHF). Patient
recruitment and image capture was carried out by myself. Alignment of the monochromatic
images and generation of the oxygenation maps from the aligned images were carried out by
myself using MATLAB routines written by VN and IS respectively. Segmentation of the optic disc
from surrounding retina, masking of blood vessels and division of the optic disc into eight
sectors was carried out by myself using my own MATLAB routines. The idea to compare
superior-inferior differences in optic disc oxygenation to superior-inferior differences in visual
field sensitivity was mine following discussion with DBH. All statistical analysis was carried out
by myself and the manuscript (currently under review) and this chapter were authored by
myself with helpful comments from the rest of the group. CHF and DBH also provided valuable

clinical advice on this project.

Publications

Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) The relationship between optic
disc oxygenation and visual field sensitivity in glaucoma. (manuscript currently under peer-
review)

Conference Presentations

Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) Spatial Oxygenation Mapping of
the Optic Disc in Glaucoma by Multispectral Imaging. ARVO 2010 Annual Meeting, Fort
Lauderdale, FL, USA (poster)

Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) Preliminary results from

multispectral imaging of the optic nerve head in glaucoma. College of Optometrists Research
Symposium 2010, York, UK (paper)
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9.1 Abstract

9.1.1 Purpose
To investigate the relationship between optic disc oxygenation and visual field sensitivity in

patients with glaucoma.

9.1.2 Methods

Thirty-three eyes of 18 patients with primary open-angle glaucoma (mean age 7317 years) were
imaged with a multispectral system incorporating a modified digital fundus camera, 250W
tungsten halogen lamp and fast-tuneable liquid crystal filter. Eight images were captured
sequentially over ~1.5s at wavelengths selected according to absorption properties of blood
components (range 496-700nm), and a Beer-Lambert law model was used to produce
oxygenation maps of the optic disc from the aligned images. Patients also underwent visual
field (VF) testing (Humphrey Field Analyzer, SITA 24-2) and Heidelberg Retina Tomograph (HRT3)
imaging of the optic disc. Differences in optic disc oxygenation and neuroretinal rim (NRR) area
between both superior/inferior portions and vertically opposing 45° sectors were compared

with differences in sensitivity between corresponding VF sectors.

9.1.2 Results

Significant relationships were found between superior-inferior hemifield difference in VF
sensitivity and superior-inferior difference in optic disc oxygenation (r=0.68, p<0.001) and NRR
area (r=0.37, p<0.05). Significant relationships were also found between difference in sensitivity
between corresponding VF sectors and: (1) superior-/inferior-temporal oxygenation difference
(r=0.63, p<0.001), (2) superior-/inferior-temporal NRR area difference (r=0.46, p<0.05) and (3)

superior-/inferior-nasal oxygenation difference (r=0.63, p<0.001) in the optic disc.

9.1.3 Conclusions

Superior-inferior differences in optic disc oxygenation are related to superior-inferior
differences in VF sensitivity in patients with glaucoma. Multispectral imaging provides clinically
important information on optic disc perfusion which is complementary to structural imaging

techniques in predicting glaucomatous functional loss.
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9.2 Introduction

Progressive structural changes in the optic disc and functional losses in the visual field are
hallmarks of primary open-angle glaucoma, one of the world’s leading causes of blindness
(Quigley, 1996). The precise mechanisms which lead to these changes are the subject of
continued controversy. Whilst the existence of certain secondary, congenital and narrow-angle
glaucomas demonstrate that increased intraocular pressure alone can be sufficient to cause
glaucomatous optic neuropathy, glaucoma can occur at any intraocular pressure showing that
raised intraocular pressure is not always required for development of glaucomatous optic

neuropathy.

It has been reported by several authors that reduced ocular blood flow and perfusion is a risk
factor for primary open-angle glaucoma (Michelson et al., 1998a, Drance et al., 2001, Yamazaki
and Drance, 1997, Flammer et al., 1999, Flammer and Orgul, 1998, Hamard et al., 1994, Leske,
2009, Leske et al., 2008). However, the absolute level of reduction appears unrelated to disease
stage measured by functional loss, presumably due to the wide between-subject variation in
blood flow measurements from both healthy and glaucomatous eyes (Michelson et al., 1998a).
For the interested reader, many studies of ocular blood flow in glaucoma have been reviewed

by Flammer et al (2002).

Multispectral imaging (also called hyperspectral imaging) is a technique that has been widely
used in biomedical research for brain imaging of animal models, directly measuring tissue
oxygenation and often looking for changes in response to a sensory stimulus (Malonek and
Grinvald, 1996, Mayhew et al., 1999, Berwick et al., 2005). The technique relies on the
wavelength-dependency of light absorption properties of blood components. By imaging tissue
at a range of wavelengths tailored to produce maximally different images relating to oxygen

levels, relative oxygenation maps of the imaged tissue can be produced.

Previous studies have applied multispectral imaging techniques to the optic disc and

surrounding retina. Khoobehi et al (2004) used a slit spectrography technique to measure
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relative oxygen saturation changes in the optic discs of immobilised healthy non-human primate
eyes in response to alterations in intraocular pressure and the oxygen content of inspired air.
Ito et al (2008) used multispectral imaging to calculate the oxygenation of small areas of
juxtapapillary retina in patients with glaucoma and healthy subjects. On average they found a
reduction in oxygenation in glaucomatous eyes compared to healthy eyes (albeit with
substantial overlap in range), and a weak relationship between visual field mean deviation and

the oxygen saturation of certain areas.

A common feature of both structural and functional damage in glaucoma is vertical within-eye
asymmetry (Jonas et al., 1999, Jonas and Budde, 2000, Asman and Heijl, 1992, Mikelberg and
Drance, 1984, Hart and Becker, 1982), for example visual field defects tend to affect the
superior and inferior hemifields unequally. Because of the large between-subject variability in
blood flow/oxygenation it could be beneficial to look at within-eye differences in oxygenation
and visual field sensitivity. In this way the eye acts as its own reference, negating the need for

normative population data.

In this paper we use multispectral imaging to calculate superior-inferior differences in relative
oxygenation of the optic discs of patients with primary open-angle glaucoma. We also measure
neuroretinal rim area and visual fields to establish, for the first time, a strong relationship

between optic disc oxygenation and visual field sensitivity.

9.3 Methods

9.3.1 Patients

The study adhered to the tenets of the Declaration of Helsinki and was approved by the NHS
Central Manchester Research Ethics Committee. All patients provided written informed
consent to participate after explanation of the nature and possible consequences of the study.
Patients were recruited from the glaucoma clinics of the Manchester Royal Eye Hospital,
Manchester, UK. Recruited patients all had a clinical diagnosis of primary open-angle glaucoma

and were receiving bilateral treatment for the condition. Patients were aged over 40 years, had
130



no other ocular disease except mild cataract and had refractive error within £5.00DS equivalent
and/or 1.50DC. In order to recruit a wide spectrum of disease from ‘suspect’ to advanced, both
eyes of a patient were included in the study if they met the above criteria and in addition at
least one eye had visual field mean deviation (MD) worse than (<) -2.00dB and pattern standard
deviation (PSD) worse than (>) 2.00dB. All visual fields were subjectively examined by one
author (JD) to exclude any clearly non-glaucomatous losses such as hemianopia, and all patients

had had at least 2 prior visual field tests.

Patients underwent HRT3 (Heidelberg Retina Tomograph, Heidelberg Engineering, Heidelberg,
Germany) and multispectral imaging of the optic discs of both eyes in the same visit. Visual field
data (SITA Standard 24-2, Humphrey Field Analyzer, Carl Zeiss Meditec, Ca) was collected
retrospectively from the clinic database (most recent visual field test). One patient’s visual field
data was 19 months old due to a spinal problem preventing further testing, though this patient
had ‘end stage’ visual fields with little further progression possible. Another patient’s visual
field test was done 6 months after imaging, and for the remaining patients tests were done

within 3 months of imaging (median 22 days).

Of the 21 recruited patients, 2 patients could not be imaged with the multispectral system in
either eye due to poor pupillary dilation, and 1 patient could only be imaged in one eye for the
same reason. A further patient could not be imaged in either eye, and another only in one eye
with the HRT3. This left a final dataset of 33 eyes of 18 patients (17 left, 15 right eyes, mean

patient age 737 years).

9.3.2 Multispectral Imaging

Multispectral images were obtained with a custom-modified digital fundus camera system
(figure 9.1). Briefly, the system incorporates a 250W tungsten halogen lamp filtered by a fast
tuneable liquid crystal filter (Varispec VIS 07-20 STD, Cambridge Research Instrumentation, UK).
Images were captured with a low-noise Peltier-cooled CCD array (Orca C4742-80-12AG,
Hamamatsu Photonics, Hamamatsu, Japan) with a spatial resolution of 336x256 pixels (with 4x4

binning).
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Following pupillary dilation, images were taken sequentially at 8 different wavelengths selected
according to the absorption properties of blood components (OMLC, 1998) (range 496-700nm,
total acquisition time <1.6s). More precisely, we captured images at 2 isobestic wavelengths
(550 and 570nm), at wavelengths where the ratio between light absorption by oxygenated and
deoxygenated haemoglobin is maximal (575, 580 and 610nm) and at a wavelength above
650nm, where tissue scattering dominates. Images were subjectively reviewed for eye

movement artefacts as they were captured, and any poor images were re-captured.

Figure 9.1: The multispectral imaging system incorporating (a) modified fundus camera with (b)
peltier-cooled CCD array, (c) fluid optic, (d) fast tuneable liquid crystal filter and (e) 250W
tungsten halogen lamp.

9.3.2.1 Production of Spatial Oxygenation Maps

Captured images at each wavelength were corrected for systematic variations due to the
inhomogeneous sensitivity of the system across different wavelengths with a correction factor
derived from images taken of a white surface with a flat absorption spectrum. The captured
monochromatic images were then aligned assuming that degradation due to eye movement can

be approximated by a combination of translation, rotation and scaling (Nourrit et al., 2008).
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Using a Beer-Lambert law model (Malonek and Grinvald, 1996, Mayhew et al., 1999, Berwick et
al., 2005) we then calculated pixel-by-pixel oxygenation maps of the imaged tissues from the

aligned images. Appendix | describes this process in more detail.

9.3.3 Data analysis

9.3.3.1 Spatial oxygenation maps

Image processing was carried out in MATLAB (R2008a, The Mathworks Inc, Natick, MA, USA). A
mask was applied to each of the spatial oxygenation maps to segment the optic disc from the
surrounding retina, and then a second mask was applied to remove visible blood vessels from
the maps, leaving only optic disc tissue. Masking was performed manually by one author (JD)
with reference to the relevant HRT3 topographies and original monochromatic images at each
wavelength. Oxygenation levels were then calculated in eight 45° sectors from the masked

maps, as shown in figure 9.2.

9.3.3.2 HRT3 optic nerve head topography

Neuroretinal rim area was calculated in each of the eight 45°sectors shown in figure 9.2
(corresponding to those described above) using the custom sectors feature of the instrument’s
in-built software (version 3.1.2.0). These data were collected primarily for use as a reference
standard against which the relationships between oxygenation and visual field measurements

could be judged.

9.3.3.3 Comparison with visual field data

In order to facilitate comparison of altitudinal differences in visual field sensitivity with
differences in oxygenation and neuroretinal rim area above and below the horizontal midline of
the optic disc, visual field sensitivities were grouped according to a published map (Garway-
Heath et al., 2002). The map describes the anatomical relationship between optic disc sectors
and 24-2 visual field test locations as found by using fundus photographs to trace visible retinal
nerve fibre layer bundles or defects from their insertion at the optic disc to the points of an
overlaid 24-2 test grid. For this study, measured sensitivities at points within each group were
averaged for comparison to corresponding optic disc sectors. In the cases of sectors Csup, Cinf,

Fsup and Finf which are combined into two sectors in the published map, we split the visual
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field sectors relating to these two sectors at the horizontal midline (corresponding to the optic
disc sectors which are also split at the horizontal midline). For some comparisons we combine
sectors ourselves, for example to compare the entire superior and inferior hemifields. The map

used is shown in figure 9.2.

All left eyes were converted to right for analysis and statistical analysis was carried out in the

open-source environment R (version 2.11.1).

| D

B

Figure 9.2: Diagram of optic disc (right) and visual field (left) sectors for a right eye, adapted

from Garway-Heath et a/ (2002). The dashed lines show where we split the original sectors

described by Garway-Heath et al at the horizontal midline. Sectors are labelled as they are
referred to in the text.

9.4 Results

Visual field mean MD was -6.2dB (range +0.6 to -19.8dB) and mean PSD was 5.0dB (range 1.8 to
10.7dB). Mean optic disc oxygenation (in arbitrary units) was 20.3+6.2 units (range 10.5 to 36.8

units). Mean total neuroretinal rim area was 1.0+0.5mm? (range 0.3 to 2.6mm?).
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Figure 9.3 shows examples of spatial oxygenation maps from 2 patients with their
corresponding visual fields. In the oxygenation maps brighter areas represent areas of greater
oxygenation and darker areas represent areas of less oxygenation. Anecdotally, all patients
were asked whether they found the multispectral imaging process comfortable, and all

responded positively.

Figure 9.3: Spatial oxygenation maps of the optic discs of 2 patients (left) with corresponding

visual field greyscale plots (right). In the oxygenation maps brighter areas represent areas of

greater oxygenation and darker areas represent areas of less oxygenation. The arrows in the

oxygenation maps point to darker areas (areas of lower oxygenation) which correspond to the
visual field defects shown.
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9.4.1 Altitudinal relationships

Differences in optic disc oxygenation and neuroretinal rim area above and below the horizontal
midline were compared with differences in visual field sensitivity above and below the
horizontal midline. First, the difference between the mean sensitivity of the entire superior and
inferior hemifields (excluding blind spot points) was compared to the difference in mean
oxygenation and total neuroretinal rim area between the superior and inferior portions of the

optic disc. Results are shown in figure 9.4.
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Figure 9.4: Inferior-superior differences in optic disc oxygenation (arbitrary units, left) and
neuroretinal rim area (mm?, right) vs. superior-inferior difference in visual field sensitivity. The
plots include Pearson correlation coefficients and associated p-values for the relationships
shown as well as a diagrammatic representation of the optic disc sectors considered.

Differences between individual vertically opposing optic disc sectors were then considered,
comparing them to the difference in mean sensitivity between corresponding visual field areas
(as described in figure 9.2). Significant relationships were found between difference in
oxygenation and visual field sensitivity in sectors A/E and B/D and also between difference in
neuroretinal rim area and visual field sensitivity in sectors A/E. The relationships for sectors A/E

and B/D are shown in figure 9.5.
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Figure 9.5: Differences in oxygenation (arbitrary units, left) and neuroretinal rim area

(mm?Zright) between vertically opposing optic disc sectors vs differences between sensitivity of

corresponding visual field areas. The plots include Pearson correlation coefficients and

associated p-values for the relationships shown as well as a diagrammatic representation of the

optic disc sectors considered (for a right eye) and sectors are labelled as in figure 9.2.

Considering the nasal (sector C) and temporal (sector F) segments of the optic disc which we

split into superior and inferior portions, only one significant association was found; that

between the difference in neuroretinal rim area above and below the midline in the temporal

optic disc (sector F) and the sensitivity difference in corresponding areas of the visual field (r=-

0.39, p<0.05). However, the relationship was negative, not particularly strong, and based on

relatively small areas of the visual field.
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For ease of comparison, the Pearson correlation coefficients and associated p-values for each
tested relationship are shown in table 9.1. This table shows that in every case there is a
stronger positive correlation found when differences in optic disc oxygenation rather than
neuroretinal rim area are compared to differences in visual field sensitivity above and below the

horizontal midline.

Table 9.1: Pearson correlation coefficients and associated p-values for differences in optic disc
oxygenation and neuroretinal rim area compared to differences in visual field sensitivity in
corresponding areas. Relationships significant at the 5% level are shown in italics. Sectors
(shaded grey for a right eye) relate to those shown in figure 9.2, and describe the vertically
opposing sectors between which the difference was calculated in the visual field and optic disc.

Sectors Oxygenation r (p) | Neuroretinal rim area r (p)

@ 0.68 (<0.001) 0.37 (<0.05)
Superior-inferior

@ 0.63 (<0.001) 0.46 (<0.05)
A-E

% 0.63 (<0.001) 0.16 (=0.38)
B-D

@ 0.31 (=0.07) -0.04 (=0.81)
Csup-Cinf

% 0.36 (=0.06) -0.39 (<0.05)
Fsup-Finf

9.4.2 Global relationships

Total neuroretinal rim area was moderately associated with visual field MD (r=0.40, p<0.05).
Mean optic disc oxygenation was not significantly associated with MD (r=-0.18, p=0.31), and
neither measure was significantly associated with PSD (oxygenation r=-0.01, p=0.96,

neuroretinal rim area r=-0.21, p=0.24).
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9.5 Discussion

Multispectral imaging of the optic disc was performed successfully on a group of patients with a
wide spectrum of functional loss from primary open-angle glaucoma. The technique used was
non-invasive, comfortable for the patient and allowed us to produce good quality spatial
oxygenation maps of the optic disc which allowed for discrimination of differences in tissue

oxygenation.

To our knowledge, this is the first detailed report relating a measure of optic disc tissue
oxygenation to functional changes in glaucoma. Previous studies have investigated oxygenation
in small regions of peripapillary retina (Ito et al., 2008) or blood flow in retinal and optic disc
blood vessels (Michelson et al., 1998a). There are two major advantages of imaging the optic
disc tissue directly as in the present study, rather than using measurements from blood vessels
as a surrogate. First, we do not have the problem of identifying with certainty which vessels
supply the tissue (Hayreh, 2001). Second, we bypass the effects of between-patient differences

in oxygen transfer from retinal or optic disc arterioles to tissue capillaries.

Mean optic disc oxygenation was not found to be related to the visual field global measures MD
or PSD. This finding is consistent with previous studies of optic nerve blood flow (Michelson et
al., 1998a) which found that the blood supply to the optic nerve head varies widely in both the
healthy and glaucomatous populations such that what constitutes a severely reduced blood
supply for one patient may be perfectly normal for another. It follows logically that oxygenation
of supplied tissues may follow a similar pattern, as found by Ito et al (2008), although further
study is required to verify this. Also, between-patient differences in reflectance properties such
as due to concentration of pigments in the imaged tissue may account for some of this

variability (Delori and Pflibsen, 1989).

Significant associations were found between superior-inferior differences in visual field
sensitivity and inferior-superior differences in optic disc oxygenation and neuroretinal rim area

(measured by HRT3). These associations were found both when the entire hemifield was
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considered along with the entire inferior/superior portions of the optic disc, as well as when
only the superior- and inferior-temporal optic disc sectors were considered along with their
corresponding visual field areas (sectors A and E in figure 9.2). Interestingly, a similar significant
association was found between differences in the oxygenation of the superior- and inferior-
nasal sectors and differences in the sensitivity of their corresponding visual field areas (B and D
in figure 9.2), but no such association was found between differences in neuroretinal rim area
and visual field sensitivity in these sectors. A possible explanation for this lack of association is
that this is the area where major blood vessels tend to exit the optic disc, affecting the surface
topography measurements made by the HRT3. Indeed, based on our finding that the
relationship between superior-inferior differences in neuroretinal rim area and visual field
sensitivity is actually stronger when only the superior- and inferior-temporal optic disc sectors
are considered, rather than the whole superior/inferior portion of the optic disc, we
hypothesise that blood vessel placement may be a major source of variability for investigations

of the topographic structure-function relationship in glaucoma using the HRT.

It is not surprising that strong associations were not found between oxygenation or neuroretinal
rim area differences in the nasal (Csup and Cinf) and temporal (Fsup and Finf) optic disc sectors
and sensitivity differences in their corresponding visual field areas since there are very low
numbers of visual field test locations in these sectors (4 and 5 respectively). One might expect
that stronger associations might be found if the visual field were better sampled in these areas

(e.g. with a 10-2 test pattern for the temporal sectors).

In all sectors considered in this study a stronger positive relationship was found between
superior-inferior differences in visual field sensitivity and optic disc oxygenation than
neuroretinal rim area. A hypothesis test to directly compare the correlation coefficients
between these measures was not performed as the effects of the relatively small sample size
and use of both eyes of some patients would have made the results very difficult to interpret.
When comparing the correlation coefficients between the visual field measures and
oxygenation/neuroretinal rim area differences one should also consider the different units and

measured ranges of the two instruments in this sample. Use of Spearman rank correlation
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coefficients (not reported here) in future studies may reduce this effect making comparison
easier. Nevertheless, the finding of stronger positive relationships between superior-inferior
differences in visual field sensitivity and optic disc oxygenation than neuroretinal rim area
suggests that oxygenation measurements by multispectral imaging may provide clinically
valuable complementary information to the structural information provided by the HRT3 in
predicting glaucomatous functional loss. This may be in the form of identifying neuroretinal rim
tissue which is present but lacking oxygenation and therefore functioning poorly, or conversely
where neuroretinal rim area is low but well-perfused and therefore functioning adequately for

normal visual function.

The main limitation of our method comes from the simple Beer-Lambert law model we use to
calculate oxygenation, and the various assumptions associated to it. One such assumption is
that incident light of different wavelengths travels the same distance in the absorbing medium,
however the longer wavelengths penetrate deeper into the tissue before being back-scattered
(Delori et al., 1977, Berendschot et al., 2003). With refinements to this model such as path
length scaling (Malonek and Grinvald, 1996) and wavelength-dependent correction (Mayhew et
al., 1999) we expect to be able to make more precise estimates of oxygenation, and also to
assign units (mmol.mm™) to the oxygenation values. Another limitation of this particular study
is the elapsed time between visual field testing and optic disc imaging, during which time either

parameter may have changed, weakening the relationships found.

Sequential image capture holds the advantage over simultaneous capture that exposure time
may be varied for different incident wavelengths. This allows each individual image to be
correctly exposed, thereby yielding maximal information. Although this technique necessitates
alignment of the monochromatic images, this is not a problem as it can be done accurately

using established techniques (Nourrit et al., 2008).

Further work with a larger cohort of patients and an improved model for calculation of
oxygenation may lead to improvements in the relationship between optic disc oxygenation and

visual field losses in glaucoma. Longitudinal studies may also be indicated to establish the
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power of temporal changes in optic disc oxygenation measured by multispectral imaging in
predicting subsequent glaucomatous functional losses, and to evaluate the effects of

therapeutic interventions (Traustason et al., 2009, Siesky et al., 2008) on optic disc perfusion.

In conclusion, significant associations were found between superior-inferior differences in optic
disc oxygenation and superior-inferior differences in visual field sensitivity in glaucoma.
Multispectral imaging shows considerable promise as a clinical tool to provide important
information on optic disc perfusion. This information may complement current structural

imaging techniques in predicting glaucomatous functional loss.
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10. The relationship between neuroretinal rim
oxygenation and visual field sensitivity in glaucoma

Contribution

This project was carried out by our multispectral imaging group comprising of myself, David
Henson (DBH), Ingo Schiessl (IS), Vincent Nourrit (VN) and Cecilia Fenerty (CHF). The idea to
remove the optic cup from the oxygenation maps and repeat the previous analysis came from
myself and DBH. The use of overlaid HRT topographies to define the cup was my idea, and was
carried out using an MATLAB alignment routine adapted by myself and VN from the one
previously produced by VN for alignment of monochromatic images. | also wrote the MATLAB
script to remove the cups from the optic disc oxygenation maps and carried out this process
myself. The statistical analysis was performed by myself and | also wrote the chapter featured

here with helpful comments from the group.

Publications (in preparation)

Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) Neuroretinal rim oxygenation and
visual field sensitivity in patients with glaucoma (manuscript in preparation)
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10.1 Abstract

10.1.1 Purpose
To investigate the relationship between neuroretinal rim (NRR) oxygenation and visual field (VF)
sensitivity in patients with glaucoma and to assess whether combining information on NRR area

and oxygenation strengthens this relationship.

10.1.2 Methods

Multispectral optic disc images, HRT3 optic disc topographies and visual fields of 18 patients
acquired for a previous study (“The relationship between optic disc oxygenation and visual field
sensitivity in glaucoma”) were used for this study. The oxygenation maps produced from the
multispectral images were re-analysed for this study to isolate only the NRR tissue from each
one, as defined by the HRT3 topography. Differences in NRR oxygenation between both
superior/inferior portions and vertically opposing 45° sectors were compared with differences
in sensitivity between corresponding VF sectors. Multiple regression analysis was used to
evaluate whether stronger relationships with the VF can be found when NRR area and

oxygenation data are combined.

10.1.3 Results

Significant relationships were found between superior-inferior hemifield difference in VF
sensitivity and superior-inferior difference in NRR oxygenation (r=0.61, p<0.001). Significant
relationships were also found between difference in sensitivity between corresponding VF
sectors and: (1) superior-/inferior-temporal NRR oxygenation difference (r=0.61, p<0.001) and
(2) superior-/inferior-nasal NRR oxygenation difference (r=0.63, p<0.001). Combining NRR area
and oxygenation data in a multiple regression analysis did not improve these relationships since

NRR area did not contribute significantly.

10.1.4 Conclusions

Superior-inferior differences in NRR oxygenation are related to superior-inferior differences in
VF sensitivity in patients with glaucoma. This relationship cannot be improved by taking NRR
area into account. Multispectral imaging shows considerable promise as a clinical tool to

provide important information on optic disc perfusion.
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10.2 Introduction

In a previous study (“The relationship between optic disc oxygenation and visual field sensitivity
in glaucoma”) we demonstrated a relationship between differences in oxygenation between the
superior and inferior portions of the optic disc and altitudinal differences in visual field

sensitivity in patients with glaucoma.

The study used multispectral imaging to measure relative oxygenation of the optic discin a
cohort of glaucoma patients. This technique relies on the wavelength-dependency of light
absorption properties of blood components; by imaging tissue at a range of wavelengths
tailored to produce maximally different images relating to oxygen levels, relative oxygenation

maps of the imaged tissue can be produced.

The optic disc oxygenation maps produced were masked to segment the optic disc from its
surrounding retina and to remove blood vessels from the image. We then divided the optic disc
into eight 45° sectors and the visual field into corresponding sectors according to a published
map (Garway-Heath et al., 2002). Oxygenation of the whole area falling into an optic disc sector
was considered, such that the calculation encompassed areas of both neuroretinal rim (NRR)

and optic cup.

As discussed in the previous study, a common feature of both structural and functional damage
in glaucoma is vertical within-eye asymmetry (Jonas et al., 1999, Jonas and Budde, 2000, Asman
and Heijl, 1992, Mikelberg and Drance, 1984, Hart and Becker, 1982), for example visual field
defects tend to affect the superior and inferior hemifields unequally. Because of the large
between-subject variability in blood flow/oxygenation it was deemed beneficial to look at
within-eye differences in oxygenation and visual field sensitivity. In this way the eye acts as its
own reference, negating the need for normative population data. For this reason we
calculated superior-inferior differences in relative optic disc oxygenation and found a strong

relationship with superior-inferior differences in visual field sensitivity.
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A potential limitation of the previous analysis is that the mean oxygenation calculated within an
optic disc sector was affected by the cup area which generally exhibits very low oxygenation.
This means that the relationships found may have also taken partial account of the proportion

of cup vs. NRR in the sectors.

Since the NRR is the area through which the retinal ganglion cell fibres pass on their way from
the retina to the optic nerve, it is likely to be this area of the optic disc where oxygenation is
critical. Hypothetically, oxygen deficits here could lead to loss of ganglion cell function, and
ultimately to ganglion cell death. These would manifest in visual field loss for the patient. For
this reason it is the oxygenation of the NRR which is potentially of most interest in glaucoma.
Furthermore, by looking for oxygenation deficits within the NRR, we look for areas of
dysfunction where future structural damage may occur, rather than looking at areas where

damage has already occurred.

In this study we re-analyse the spatial optic disc oxygenation maps produced in the previous
study to now consider relative oxygenation of the NRR in isolation from the rest of the optic
disc. We evaluate the relationship between superior-inferior differences in NRR oxygenation
and superior-inferior differences in visual field sensitivity and compare these to the previous
results. We also evaluate the effect of combining information on NRR oxygenation and area on

this relationship.

10.3 Methods

10.3.1Patients

This study used the images collected from the patients in the previous study (“The relationship
between optic disc oxygenation and visual field sensitivity in glaucoma”). The dataset included
33 eyes of 18 patients (17 left, 15 right eyes, mean patient age 7317 years). The study adhered
to the tenets of the Declaration of Helsinki and was approved by the NHS Central Manchester
Research Ethics Committee. The recruitment of patients and how they were examined is

described in the previous chapter (section 9.3.1)
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10.3.2 Multispectral Imaging
Details of how the monochromatic image series were captured and how the spatial oxygenation

maps were produced from these can be found in the previous chapter (section 9.3.2).

10.3.3 Data analysis

10.3.3.1 Isolation of neuroretinal rim tissue from spatial oxygenation maps

Image processing was carried out in MATLAB (R2008a, The Mathworks Inc, Natick, MA, USA).
HRT3 optic nerve head topography images were re-sampled and aligned with the optic disc
oxygenation maps using the same alignment method as described above for alignment of the
monochromatic images. A mask was then created based on the NRR area defined in the aligned
HRT3 topography (the area within the optic disc whose surface height is above a reference
plane located parallel to the peripapillary retinal surface and 50um below the retinal surface at
the point where the papillo-macular bundle and optic disc margin coincide). This mask was then
applied to the oxygenation maps to isolate only the NRR tissue (i.e. the peripapillary retina and
optic cup was removed). A second mask was then applied to remove visible blood vessels from
the maps, leaving only optic disc tissue. Masking was performed manually by one author (JD)
with reference to the relevant HRT3 topographies and original monochromatic images at each
wavelength. Oxygenation levels were then calculated in eight 45° sectors from the masked

maps, as shown in figure 10.1 and identically to the previous study.

10.3.3.2 HRT3 optic nerve head topography
Neuroretinal rim area was calculated in each of the eight 45°sectors shown in figure 10.1
(corresponding to those described above) using the custom sectors feature of the instrument’s

in-built software (version 3.1.2.0).

10.3.3.3 Comparison with visual field data
In order to facilitate comparison of altitudinal differences in visual field sensitivity with
differences in oxygenation of NRR tissue above and below the horizontal midline of the optic

disc, visual field sensitivities were grouped according to a published map (Garway-Heath et al.,
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2002) (figure 10.1). The map describes the anatomical relationship between optic disc sectors
and 24-2 visual field test locations as found by using fundus photographs to trace visible retinal
nerve fibre layer bundles or defects from their insertion at the optic disc to the points of an
overlaid 24-2 test grid. For this study, measured sensitivities at points within each group were
averaged for comparison to corresponding NRR sectors. In the cases of sectors Csup, Cinf, Fsup
and Finf which are combined into two sectors in the published map, we split the visual field
sectors relating to these two sectors at the horizontal midline (corresponding to the optic disc
sectors which are also split at the horizontal midline). For some comparisons we combine

sectors ourselves, for example to compare the entire superior and inferior hemifields.

We also use multiple regression analysis to evaluate the combined ability of superior-inferior
differences in NRR oxygenation and area (from the HRT3) to predict superior-inferior

differences in visual field sensitivity in the same sectors.

All left eyes were converted to right for analysis and statistical analysis was carried out in the

open-source environment R (version 2.11.1).

— D

Cinf QP
Finf

Fsup
Csup

B

Figure 10.1: Diagram of optic disc (right) and visual field (left) sectors for a right eye, adapted
from Garway-Heath et a/ (2002). The dashed lines show where we split the original sectors
described by Garway-Heath et al at the horizontal midline. Sectors are labelled as they are

referred to in the text. In this study the optic disc sectors are the sectors within which the
neuroretinal rim tissue oxygenation was calculated.
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10.4 Results

Visual field mean MD was -6.2dB (range +0.6 to -19.8dB) and mean PSD was 5.0dB (range 1.8 to
10.7dB). Mean neuroretinal rim oxygenation (in arbitrary units) was 22.2+7.4 units (range 13.5

to 39.7 units).

Figure 10.2 shows an example of an oxygenation map, aligned HRT3 topography image and the
resultant masked oxygenation map leaving only NRR tissue. In the oxygenation maps brighter
areas represent areas of greater oxygenation and darker areas represent areas of less
oxygenation. In the HRT3 topography image the central mid-grey area represents the optic cup,
and the outer light-grey area represents the NRR tissue. The black area between the two is a
transitional area which for this study was regarded as part of the NRR, so the mask was based
around the outer edge of the central mid-grey area to define the inner limit of the NRR and the

outer edge of the light grey area to define the optic disc margin.

Figure 10.2: Example of a spatial oxygenation map (a), re-sampled and aligned HRT3
topography image (b), and masked oxygenation map leaving only neuroretinal rim tissue (c). In
the oxygenation maps brighter areas represent areas of greater oxygenation and darker areas
represent areas of less oxygenation. In the HRT3 topography image the neuroretinal rim is
represented by the light grey and black areas combined and it was on this area that the mask
used to create (c) was based.

10.4.1 Altitudinal relationships
Differences in NRR oxygenation above and below the horizontal midline were compared with
differences in visual field sensitivity above and below the horizontal midline. First, the

difference between the mean sensitivity of the entire superior and inferior hemifields (excluding
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blind spot points) was compared to the difference in mean NRR oxygenation between the

superior and inferior portions of the optic disc. Results are shown in figure 10.3.
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Figure 10.3: Inferior-superior
differences in neuroretinal rim
oxygenation (arbitrary units) vs.
superior-inferior difference in
visual field sensitivity. The plot
includes the Pearson correlation
coefficient and associated p-
value as well as a diagrammatic
representation of the optic disc
sectors within which the
neuroretinal rim oxygenation
was considered.

Differences in NRR oxygenation between individual vertically opposing optic disc sectors were

then considered, comparing them to the difference in mean sensitivity between corresponding

visual field areas (as described in figure 10.1). Significant relationships were found between

difference in NRR oxygenation and visual field sensitivity in sectors A/E, B/D and Csup/Cinf. The

relationships for all vertically-opposing sector pairs are shown in figure 10.4.
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Figure 10.4: Differences in neuroretinal rim (NRR) oxygenation (arbitrary units) between
vertically opposing optic disc sectors vs. differences between sensitivity of corresponding visual
field areas. The plots include Pearson correlation coefficients and associated p-values as well as
a diagrammatic representation of the optic disc sectors considered (for a right eye) and sectors

are labelled as in figure 10.1.

The correlation coefficient and associated p-value for sectors Csup/Cinf should be viewed with
caution since, as can be seen in the plot (bottom-left in figure 10.4), the regression line appears
to be ‘pulled’ by a group of outliers and in fact when these outliers are excluded the relationship

is no longer statistically significant (r=0.15, p=0.44).
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To facilitate comparison with the results from the previous study, the Pearson correlation
coefficients and associated p-values for each tested relationship when considering oxygenation
differences between either whole optic disc sectors (previous study)or the NRR within sectors
only (the present study) are shown in table 10.1. This table shows that where highly significant

relationships were found in the previous study, they remain when only the oxygenation of the

NRR is considered.

Table 10.1: Pearson correlation coefficients and associated p-values for differences in
oxygenation between whole optic disc sectors (previous study) and the NRR within optic disc
sectors (present study) compared to differences in visual field sensitivity in corresponding areas.
Relationships significant at the 5% level are shown in italics. Sectors (shaded grey for a right
eye) relate to those shown in figure 10.1, and describe the vertically opposing sectors between
which the difference was calculated in the visual field and optic disc.

Sectors Whole sector oxygenation r (p) | Neuroretinal rim oxygenation r (p)

@ 0.68 (<0.001) 0.61 (<0.001)
Superior-inferior

@ 0.63 (<0.001) 0.61 (<0.001)
A-E

% 0.63 (<0.001) 0.63 (<0.001)
B-D

@ 0.31 (=0.07) 0.47 (<0.05)*
Csup-Cinf

@ 0.36 (=0.06) 0.03 (=0.87)
Fsup-Finf

*in the presence of outliers, with outliers removed r=0.15, p=0.44

In order to assess whether combining the information on superior-inferior differences in
oxygenation of the NRR from the multispectral system and NRR area from the HRT3 could
better predict altitudinal differences in visual field sensitivity we carried out multiple regression

analysis. The results are shown in table 10.2.
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Table 10.2: Pearson correlation coefficient, adjusted r® and contribution of individual variables
to multiple regression of superior-inferior differences in NRR area and oxygenation vs. superior-
inferior differences in visual field sensitivity in corresponding areas. Relationships significant at
the 5% level are shown in italics. Sectors (shaded grey for a right eye) relate to those shown in
figure 10.1, and describe the vertically opposing sectors between which the difference was
calculated in the visual field and optic disc.

Sectors r (p) Adjusted r* | NRR NRR area
oxygenation contribution (sig)
contribution (sig)
@ 0.61 (<0.001) | 0.34 p<0.005 p=0.85
Superior-inferior

%@ 0.62 (<0.001) | 0.35 p<0.01 p=0.47
A-E

% 0.65 (<0.001) | 0.38 p<0.001 p=0.24
B-D

é@ 0.47 (<0.05) | 0.17 p<0.01* p=0.66
Csup-Cinf

é% 0.44 (<0.05) | 0.14 p=0.21 p<0.05%*
Fsup-Finf

*in the presence of outliers, relationship not significant when outliers excluded
**negative regression coefficient, probably chance relationship as discussed in previous study

From table 10.2 we can see that adding NRR area as a variable makes no significant difference
to the relationships found, and that in fact the strongest relationships are generally found when
superior-inferior differences between oxygenation of whole optic disc sectors are considered.
The exceptions to this are in the Csup/Cinf and Fsup/Finf sectors where the results should be
viewed with caution for reasons explained above in the case of the Csup/Cinf sectors, and as

discussed in the previous study for the Fsup/Finf sectors.

10.4.2 Global relationships
Mean NRR oxygenation was not significantly associated with MD (r=0.23, p=0.19) or PSD

(r=0.04, p=0.83).
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10.5 Discussion

This study represents a re-analysis of the images captured in a previous study, “The relationship
between optic disc oxygenation and visual field sensitivity in glaucoma”. In the previous study
superior-inferior differences in optic disc oxygenation between vertically-opposing pairs of 45°
sectors were compared with differences in sensitivity of corresponding visual field sectors and
significant relationships were found between certain sectors. In the present study, the NRR
within these sectors was isolated according to HRT3 topography images (figure 10.2) and
superior-inferior differences in NRR oxygenation were then compared with superior-inferior

differences in sensitivity of corresponding visual field sectors as in the previous study.

The present study found significant relationships between superior-inferior differences in NRR
oxygenation and visual field sensitivity in all the cases where significant relationships were
found in the previous study when considering the entire optic disc sector (table 10.1). In
general the relationships in the present study were only very slightly weaker than in the
previous study. This finding strongly suggests that the major contributor to the relationships
found in the previous study was the oxygenation of the NRR. This finding is not surprising since
the NRR is the area where neural tissue is lost in glaucoma so one would expect that any oxygen
deficit which may precede this loss would also be apparent in this area. The findings of this
study confirm that multispectral imaging can identify NRR tissue which is present but lacking
oxygenation and therefore functioning poorly, or conversely where NRR area is low but well-
perfused and therefore functioning adequately for normal visual function. This information may

be clinically important in predicting glaucomatous functional loss.

Similar to the previous study it is not surprising that strong associations were not found
between NRR oxygenation differences in the nasal (Csup and Cinf) and temporal (Fsup and Finf)
optic disc sectors and sensitivity differences in their corresponding visual field areas since there
are very low numbers of visual field test locations in these sectors (4 and 5 respectively, see
figure 10.1). One might expect that stronger associations might be found if the visual field

were better sampled in these areas (e.g. with a 10-2 test pattern for the temporal sectors).

154



Combining the information on superior-inferior differences in NRR oxygenation from the
multispectral system and NRR area from the HRT3 did not generally strengthen the relationship
with superior-inferior differences in visual field sensitivity (table 10.2). This was because the
NRR area from the HRT3 did not contribute significantly to the multiple regression. In fact, the
relationships found were not quite as strong as those found in the previous study when
oxygenation of entire optic disc sectors was considered. This may be because this measure
does in fact contain some indirect information on NRR area since the cup is an area of much
lower oxygenation than the NRR, so the proportion of cup within a sector affects the calculation
of mean oxygenation within a sector. One potential way to increase the effect of NRR area
information on the relationship and thereby potentially strengthen the relationship might be to
look at the amount of NRR area lost in the course of the disease. This would obviously require
longitudinal data however, and the calculation of differences between vertically opposing
sectors goes some way to approximate this by looking for areas of asymmetry where focal
losses may have occurred. A limitation of this method is that it doesn’t take into account pre-
disease asymmetry in NRR thickness (Jonas et al., 1988), which could be added as an

improvement to the analysis if data from a healthy population became available.

Consistent with the previous study, no relationship was found between mean NRR oxygenation
and the visual field global measures MD or PSD. This finding is again consistent with previous
studies of optic nerve blood flow (Michelson et al., 1998a) which found that the blood supply to
the optic nerve head varies widely in both the healthy and glaucomatous populations such that
what constitutes a severely reduced blood supply for one patient may be perfectly normal for
another. It follows logically that oxygenation of supplied tissues may follow a similar pattern, as
found by Ito et al (2008), although further study is required to verify this. Also, between-patient
differences in reflectance properties such as due to concentration of pigments in the imaged

tissue may account for some of this variability (Delori and Pflibsen, 1989).

Since this study used the same images and method of producing spatial oxygenation maps as

the previous study, the main limitations of the previous study remain for this one.
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Consequently, as is discussed in the previous study further work with a larger cohort of patients
and an improved model for calculation of oxygenation may lead to improvements in the
relationship between NRR oxygenation and visual field losses in glaucoma. Longitudinal studies
may also be indicated to establish the power of temporal changes in NRR oxygenation
measured by multispectral imaging in predicting subsequent glaucomatous functional losses,
and to evaluate the effects of therapeutic interventions (Traustason et al., 2009, Siesky et al.,

2008) on NRR perfusion.

In conclusion, similar significant associations were found between superior-inferior differences
in NRR oxygenation and superior-inferior differences in visual field sensitivity in glaucoma as
were found in the previous study where whole optic disc sectors were considered.
Multispectral imaging therefore can identify poorly oxygenated areas of NRR which are related
to visual field loss in patients with glaucoma. Altitudinal differences in visual field sensitivity
cannot be better predicted by combining information on NRR oxygenation and area, and in fact
the strongest relationships are found when oxygenation differences between whole optic disc
sectors are considered. Multispectral imaging shows considerable promise as a clinical tool to

provide important information on optic disc perfusion.
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11. Conclusions

There are many considerable challenges in the search for a better understanding of primary
open-angle glaucoma (POAG), a leading cause of blindness throughout the world. Progressive
structural damage to the optic nerve head and retinal nerve fibre layer (RNFL) with concurrent
visual field loss are now well-established hallmarks of the disease, whilst raised intraocular
pressure (IOP), once thought to be the defining feature of POAG, is now considered a risk factor

for development and progression of POAG only.

The separation of those with true POAG from those with risk factors but without actual disease
is the crux of glaucoma diagnosis. There are many cases where diagnosis of POAG is relatively
simple, but there are also large numbers of ‘glaucoma suspects’ for whom long-term follow-up
at great cost and inconvenience is the only way to establish whether or not they are at risk of
functional loss. Diagnosis of POAG is hampered by the wide normal ranges and considerable
overlap between health and disease of many of the very parameters affected by POAG. For
example, thin neuroretinal rim (NRR), low RNFL thickness, high IOP and low ocular blood flow
are all useful signs of POAG, but there are many healthy eyes which exhibit these same features
and many glaucomatous eyes which do not. Functional measures such as visual field
measurement meanwhile are time consuming and difficult for some patients, and can require
many repeat examinations over a long period of time to elicit a conclusive result. Concurrent

ocular or neural pathology affecting the visual field can further confuse diagnosis.

In Chapter 6, “Discus —Investigating subjective judgement of glaucomatous damage in optic disc
photographs” the study investigated the ability of a group of experts to distinguish between
cases of POAG (defined by visual field loss) and healthy eyes based on optic disc appearance.
Even when the judgements of the experts were combined as if they were working together,
discrimination of health and disease was far from perfect, demonstrating the difficulty of
separating true POAG from ‘suspect’ or ‘at risk’ cases. The software used in the study is freely
available, and it has since been used by several training institutions as a teaching and
assessment tool. The expert data collected in the study serves as a reference standard against

which others may compare their performance, and may be considered a ‘best case’ assessment
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of subjective optic disc assessment. The study clearly demonstrates a need for different
methods of examination to be combined and/or better diagnostic methods to be developed in

order to improve POAG diagnosis.

Combining methods of examination is a logical way to increase ‘hit rates’ and reduce ‘false
alarms’ in glaucoma diagnosis. Particularly if structural and functional measurements could be
combined, confusion arising from visual field defects of alternative etiology would be reduced
and those patients with a slightly ‘suspicious’ optic disc and mild, potentially but not
conclusively glaucomatous visual field loss might finally receive a firm diagnosis of POAG or
otherwise. However the weak relationship between structure and function in glaucoma makes
combining such test results a hit and miss affair at best. Clinicians are often happy to make a
diagnosis of POAG when, for example, a slightly thin inferior NRR presents alongside a small
superior arcuate scotoma, but the diagnosis is less certain when the scotoma presents in the
opposite hemifield. The results of the study presented in chapter 7, “Evaluating the strength of
the topographic structure-function relationship in glaucoma”, suggest that perhaps this
shouldn’t be the case, and that particularly in early glaucoma the location of visual field defects
arising from a certain perceived structural damage may not be an exact science within current
understanding. The strongest topographic relationships between the optic disc and visual field
bore little resemblance to those that would be expected based on the anatomy of the RNFL, and
suggested that the variability in this relationship may come partly from variations in the disease
process itself. More complex structural analysis of the optic disc in the study may have yielded
slightly stronger relationships but would have limited the applicability of the study to clinical
scenarios. The study highlights the limitations of current ‘snapshot’ assessments of the optic
disc in POAG, since a potentially more fruitful method would have been to look at optic disc
sector change from baseline. Further investigation into the exact mechanism which relates
optic disc damage and loss of visual function in POAG may be needed before we can fully

understand this relationship.

A major goal of glaucoma research should now be to develop methods of separating patients
likely to lose visual function from those unlikely to change. Perhaps then it is better to

concentrate our efforts on longitudinal studies and detection of disease progression rather than
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presence? After all, if a patient’s disease is not progressive then there is no risk of blindness,
and if progression is detectable a diagnosis of POAG becomes much simpler. Unfortunately,
since POAG is a relatively slowly progressing disease it is extremely time consuming to collect
longitudinal data on the efficacy of a certain treatment, or the ability of a certain instrument or
measurement to predict or detect change. This provides a barrier to the development of new
technologies which may assist in predicting future functional loss and/or the efficacy of

treatment.

Ideally one would measure the parameter which causes disease progression for both diagnosis
and monitoring. In this way, patients with true POAG could be separated from those currently
considered ‘suspects’ without having to undergo irreversible loss of vision. Of course in POAG
this is difficult as the exact mechanisms behind the disease are the subject of continued
controversy. It seems likely however, that at least in some patients changes in oxygenation of
the optic nerve head play a significant role in the death of retinal ganglion cells and resultant

functional loss.

Chapters 9 (“The relationship between optic disc oxygenation and visual field sensitivity in
glaucoma”) and 10 (“The relationship between neuroretinal rim oxygenation and visual field
sensitivity in glaucoma”) present promising results from the multispectral imaging system,
described and tested in chapter 8, “Testing of a high-resolution multispectral fundus imaging
system for measurement of optic disc tissue oxygenation”. By looking for within-eye
asymmetries in optic disc oxygenation we take a step away from the burdens of wide normal
limits and parameters overlapping in health and disease from which optic disc oxygenation is
not excepted. Asymmetries in optic disc oxygenation were found to be related to altitudinal
differences in visual field sensitivity —a common feature of functional loss due to POAG. The
relationships were much stronger than those found for NRR area, and were very nearly as
strong when NRR oxygenation was considered in isolation from the rest of the optic disc.
Multispectral imaging may therefore be of use in identifying areas of NRR which are functioning
poorly due to lack of oxygen, or conversely areas of NRR which appear narrow but are well-
oxygenated and therefore functioning adequately in the absence of other disease processes.

Measurements of NRR oxygenation by multispectral imaging therefore show considerable
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promise for both research and clinical use, even when using ‘snapshot’ cross-sectional data as in
these studies, where the limitations of current structural imaging technologies are readily

apparent.

A weakness of current structural imaging techniques is that they largely provide increased
resolution and greater quantification of existing measures such as optic disc topography, RNFL
thickness etc. Whilst this might be useful in terms of detecting disease progression, it adds little
to our diagnostic ability. The measurement of optic disc oxygenation by multispectral imaging is
different in that the imaging technology is used to yield new information which cannot be
readily observed by clinicians. This oxygenation information can then be used to complement

existing structural and functional data.

Refinements to the Beer-Lambert law model used to calculate oxygenation from the
monochromatic images may further improve the accuracy of the measurements made, and
larger studies with more patients will more precisely define the relationship between within-eye
optic disc oxygenation asymmetry and altitudinal differences in visual field sensitivity. Further
work is then indicated with multispectral imaging to address the important questions of
whether oxygenation measurements can predict future functional loss, and whether the effects
of treatment can be measured. The former requires a longitudinal trial with large patient
numbers and sufficient time to allow for a significant number of patients to exhibit progression.
This may therefore have to wait until the next major clinical trial in glaucoma is underway, but if
successful it would be a big step forward in the accurate diagnosis of POAG. A more practical
study is to investigate the effect of IOP-lowering medication on optic disc oxygenation. It may
be that multispectral imaging is useful in quickly assessing whether a certain treatment is likely
to be successful in preventing disease progression (i.e. optic disc oxygenation is improved), or
whether an alternative treatment should be considered. This is impossible with current
methods of examination, where the only method of evaluating the success of a treatment is to
monitor the patient over long periods of time, and it would represent a major breakthrough in

POAG care.
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In summary, multispectral imaging shows considerable promise to aid clinicians where some of
the pitfalls of current methods of examination exist. Whilst detection of those at risk of POAG is
important, it is critical that those with true POAG and likely future disease progression are
correctly diagnosed. These studies have highlighted the potential of multispectral imaging to
complement current methods of examination in these areas, and provide a basis for further

work with the technology.
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Appendix I: Beer-Lambert Law determination of
chromophore concentrations

Our multispectral image analysis aimed to determine the contributions to light absorbance of
three components of the imaged tissue. Two of the components are the chromophores
oxygenated haemoglobin and deoxygenated haemoglobin whose light absorption is related to
their concentration and the third is the physical effect of tissue scattering of incident light. For
this we used a Beer-Lambert law model (Berwick et al., 2005, Malonek and Grinvald, 1996,

Mayhew et al., 1999) which can be represented as follows:

'Iog[l)\/liso] = ACoxysoxy()\)'l' ACdeoxyEdeoxy()\) )+ Acscatteringsscattering()\)

In the model I is the pixel intensity at wavelength A, |5, is the pixel intensity at the isobestic
wavelength 570nm, Ac., and Acgeoxy are the changes of chromophores (oxygenated and
deoxygenated haemoglobin) and &,,, and g4.0x, are extinction coefficients for the same. Acycatering

and &crering are the components for tissue scattering.

The model was applied to each pixel in the aligned monochromatic images. A detailed

description of how this is done in MATLAB follows:

1) Monochromatic images are captured at 496, 550, 570, 575, 580, 586, 610 and 700nm.
These wavelengths were chosen for the following reasons:

a. 496nm allows good visualisation of RNFL pathways —this wavelength is not
required for this analysis and is included for another project not reported here.

b. 550nm and 570nm are both isobestic wavelengths where light absorption by
oxygenated and deoxygenated haemoglobin is equal.

¢. 575nm, 580nm, and 586nm and 610nm are all wavelengths where the ratio
between light absorption by oxygenated and deoxygenated haemoglobin is

maximal.
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2)

3)

4)

5)

6)

7)

d. At 700nm tissue scattering of light contributed maximally to the image.
The monochromatic images are aligned, such that a given pixel represents the same
area of tissue in every image.
The monochromatic image taken at 496nm is discarded as it is not required for this
analysis.
Each pixel intensity value in each monochromatic image is scaled to compensate for the
inhomogeneous sensitivity of the system across different wavelengths. The values are
scaled according to a correction factor derived from images taken of a white surface
with a flat absorption spectrum at the same wavelengths.
Each pixel intensity value in each monochromatic image is then divided by the common
logarithm of the corresponding pixel intensity value from the 570nm isobestic image.
The logarithm is because the relationship between attenuation of light and
chromophore concentration is logarithmic and the division by the isobestic image is to
de-emphasize the effect of overall blood volume on the final oxygenation map.
The isobestic images are then discarded as they are no longer required.
For each pixel, the concentration of each chromophore (oxygenated haemoglobin,
deoxygenated haemoglobin and tissue scattering of light) is determined in arbitrary
units by finding the ‘least squares’ solution to the over-determined system of linear

equations represented by:

C=¢e)\1(2)

Where Cis the concentration of the chromophore in arbitrary units, g(A) is the
extinction coefficient of the chromophore at each wavelength (1) from OMLC (1998)

and I(}) is the pixel intensity value at each wavelength (}).

Once this calculation has been performed for each pixel the results are displayed as oxygenation

maps. To do this the calculated concentration of oxygenated haemoglobin at each pixel is used

as the ‘grey value’ for display. The values are scaled for display, but the original calculated

values are retained for further analysis such as calculating mean oxygenation within an optic

disc sector. These values multiplied by 10000 for simplicity represent the ‘arbitrary units’
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referred to in the main text. In the oxygenation maps produced, brighter areas (higher ‘grey
values’) represent areas of greater oxygenation whilst darker areas (lower ‘grey values’)

represent areas of lower oxygenation.

Of course, spatial maps of deoxygenated haemoglobin concentration and tissue scattering of

light can also be produced by the same method.
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Appendix II: Complete List of Publications

Peer-reviewed publications

Denniss J, Echendu D, Henson DB, Artes PH (2010) Discus —Investigating subjective judgement
of glaucomatous damage in optic disc photographs. Optometry Vision Sci. (glaucoma special
edition, in press)

Mugit MMK, Denniss J, Nourrit V, Marcellino GR, Henson DB, Schiessl |, Stanga PE (2010)
Spatial and Spectral Imaging of Retinal Laser Photocoagulation Burns. Invest. Ophth. Vis. Sci. (in
press)

Denniss J & Henson DB (2009) The Structure-Function Relationship in Glaucoma: Implications
for Disease Detection Optom. Pract.10: 95-104

Manuscripts currently under peer-review
Denniss J, Henson DB, Schiessl | (2010) Evaluating the strength of the topographic structure-

function relationship in glaucoma

Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) The relationship between optic
disc oxygenation and visual field sensitivity in glaucoma

Nourrit V, Denniss J, Mugit MMK, Schiessl |, Fenerty C, Stanga PE, Henson DB (2010) High
resolution hyperspectral imaging of the retina with a modified fundus camera

Manuscripts in preparation
Denniss J, Schiessl |, Nourrit V, Fenerty CH, Henson DB (2010) Neuroretinal rim oxygenation and

visual field sensitivity in patients with glaucoma
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Appendix III: Complete List of Conference
Presentations

Nourrit V, Denniss J, Schiessl |, Henson DB (2010) Hyperspectral image processing for automatic
feature extraction and white light image synthesis. EMVPO 2010, Stockholm, Sweden.

Denniss J, Schiessl |, Nourrit V, Fenerty C, Henson DB (2010) Spatial Oxygenation Mapping of the
Optic Disc in Glaucoma by Multispectral Imaging. Invest Ophthalmol Vis Sci 2010; 51: E-Abstract
2730 (ARVO 2010 Annual Meeting poster presentation, Fort Lauderdale, Florida, USA).

Denniss J, Schiessl |, Nourrit V, Fenerty C, Henson DB (2010) Preliminary results from
multispectral imaging of the optic nerve head in glaucoma. College of Optometrists Research
Symposium 2010, York, UK (paper presentation).

Denniss J, Henson DB, Schiessl | (2010) Evaluating the strength of the topographic structure-
function relationship in glaucoma. Imaging & Perimetry Society (IPS) Congress 2010, Puerto de
la Cruz, Tenerife, Spain (paper presentation).

Denniss J, Echendu D, Henson DB, Harper RA, Harding AK, Artes PH (2008) Interpretation of
optic disc images for glaucomatous damage: Reference data from specialists. International
Perimetric Society (IPS) Congress 2008, Nara, Japan (paper presentation).

Denniss J, Echendu D, Henson DB, Artes PH (2008) The Interpretation of Optic Disc Images for
Glaucomatous Damage by Specialist Clinicians. Invest Ophthalmol Vis Sci 2008;49: E-Abstract
3625 (ARVO 2008 Annual Meeting poster presentation, Fort Lauderdale, Florida, USA)

Henson DB, Denniss J, Echendu D, Artes PH (2007) Discus —a software package for analysing the

clinical grading of glaucomatous optic discs. UK & Eire Glaucoma Society Annual Meeting 2007,
Cardiff, UK.
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