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Thesis Abstract 

Increasingly, microperimetry is used to measure visual function at pre-defined locations 

across the central visual field in age-related macular disease (AMD), in trials of novel 

therapeutics and clinical practice. It has the advantage of retinal tracking, permitting 

adjustment of stimulus position to compensate for fixation instability, known to increase 

in AMD. However, microperimetry suffers from significant limitations including poor 

sensitivity to early AMD and limited dynamic range. The overarching aim of this thesis 

was to determine if such limitations could be reduced by selecting more appropriate 

stimulus parameters and test background luminance. This was addressed through (1) 

investigation of spatial summation across the central visual field in healthy observers 

under mesopic conditions, (2) investigation of changes in spatial and temporal 

summation in AMD, (3) quantification of the relationship between visual function 

(measured with stimuli scaled to probe alterations in spatial summation) and retinal 

structure, and (4) assessment of the influence of stimulus parameters on intra-test 

fixation stability. We observed the upper limit of complete spatial summation (Ricco’s 

area, RA) in healthy observers to be invariant of visual field location in mesopic 

conditions. Under photopic conditions, RA varied significantly across the central visual 

field and was enlarged in participants with early, intermediate and atrophic AMD 

compared to controls. No changes in temporal summation were observed with visual 

field location or between AMD and control cohorts. Thresholds were significantly 

related to OCT measures of whole retinal thickness in AMD, this relationship being 

significantly improved using RA-sized stimuli compared to Goldmann III. Fixation 

stability was reduced by longer durations and when stimuli were visible, but may be 

improved using stimuli <110 ms. This work indicates AMD may be more effectively 

detected and monitored using stimuli probing alterations in spatial summation in AMD.  
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1.  Introduction to AMD 
 
 
 

1.1  - What is AMD? 

Age-related macular degeneration (AMD), otherwise known as age-related maculopathy 

(ARM), is a chronic, progressive ocular disease affecting the central retina (Lim et al. 

2012). It is the term used to describe central retinal degeneration in individuals aged 55 

years and above without any other identifiable cause (The Royal College of 

Ophthalmologists 2013). Three forms of late AMD are responsible for central vision 

loss and visual impairment (Bird 2010). Inward growth of blood vessels from the 

choriocapillaris into Bruch’s membrane results in choroidal neovascularisation (CNV). 

Fluid may also collect between Bruch’s membrane and the retinal pigment epithelium 

(RPE) causing RPE detachments (pigment epithelial detachments, PEDs). Alternatively, 

atrophy and loss of the RPE and photoreceptors can cause geographic atrophy (GA). 

Potential disease mechanisms for such pathology will be discussed in chapter 1.5. AMD 

has been described for over 100 years, however there has always been debate over the 

definition of specific lesions (Bird et al. 1995), with many classification systems of the 

disease being used. Characteristics of AMD and the various grading systems used are 

described in chapters 1.2 and 1.3 respectively.  

 

1.2  - Classification of AMD 

AMD exists in two primary forms; (i) the atrophic (aAMD) type (dry, non-exudative or 

non-neovascular), is the most common form of AMD, accounting for ~90% of 

diagnosed cases (Kassoff et al. 2001; Friedman et al. 2004) and results in a slow 



 Chapter One 2 
	

progressive loss of central vision, and (ii) the neovascular (nvAMD) type (wet, 

exudative), a less common but rapidly progressive form of the disease leading to 

advanced sight loss (fig. 1). 

 

 

- Figure 1.1:  Flow chart to demonstrate the classification of age-related macular 

degeneration, according to Ferris et al. (2013). The characteristics of the disease are 

explained in more detail in the text. 

 

 In earlier stages, aAMD is characterised by the presence of drusen, either in 

isolation or combined with pigmentary abnormalities within the RPE (Lim et al. 2012). 

Pigmentary abnormalities related to AMD are usually classified as definite areas of 

increased (hyperpigmentation) or loss of pigmentation (hypopigmentation) associated 

with drusen (Lim et al. 2012). Most visual loss occurs in the late stages of the disease, 

which can follow two different pathophysiological processes (see section 1.5). Late 

aAMD is due to progressive atrophy of the RPE, choriocapillaris, and photoreceptors 

known as geographic atrophy (GA), whilst nvAMD is caused by CNV breaking through 

Age-related Macular
Degeneration

(AMD)

Atrophic
(dry)

Early
Late

LateIntermediate

Medium drusen
(>63 μm, ≤ 125 μm) Large drusen

(>125 μm)
Pigmentary
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Hypo-
pigmentation

Hyper-
pigmentation

Neovascular
(wet/

exudative)

Choroidal
neovascularisation
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Geographic
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to the neural retina, leaking fluid, lipids, and blood, and leading to fibrous scarring (Lim 

et al. 2012). Figure 1.2 demonstrates these different forms of the disease.   

 

- Figure 1.2:  Different types of age-related macular disease: (A) Drusen with associated 

pigmentary abnormalities, (B) Geographic atrophy and pigmentary abnormalities, (C) 

Intra- and sub-retinal hemorrhage. Images A and B are both types of atrophic (dry) 

AMD, and image C demonstrates neovascular (wet) AMD. Images reproduced from 

Kanski and Bowling (2015). 

 

 Drusen are considered as characteristic features of AMD. They appear as white-

yellow deposits when examined clinically using fundoscopy or dome-shaped structures 

of variable volume located at the interface between the retinal pigment epithelium 

(RPE) and Bruch’s membrane on optical coherence tomography (OCT). They can 

manifest in a variety of forms, each differing in clinical significance of associated risk in 

developing late AMD. Small drusen have been classified as those less than 63 µm in 

diameter also known as druplets, posing very little to no risk of developing late AMD 

and can be regarded as normal aging changes only (Ferris III et al. 2013). The risk of 

developing GA or nvAMD increases with maximum drusen size, drusen area, and the 

presence of pigmentary abnormalities (Klein et al. 1997; Van Leeuwen et al. 2003; Wang 

et al. 2003; Davis et al. 2005). Colour fundus photograph (fig. 1.3A) and OCT scans (fig. 

A B C
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1.3B) of large soft drusen are shown in figure 1.3. Additionally, drusen volume has been 

suggested to be an important predictor for the development of late AMD in the fellow 

eye of patients undergoing active treatment for nvAMD (Abdelfattah et al. 2016).  

 Drusen can be regarded as “hard” due to their smaller size, distinct margins and 

spatial independence, or “soft” owing to indistinct margins and tendency to cluster 

together. Several studies have reported soft indistinct drusen to increase likelihood of 

developing late AMD (Klein et al. 1997; Van Leeuwen et al. 2003; Wang et al. 2003). 

Although hard drusen are considered a common age-related finding, when present in 

larger numbers there is an increased risk for developing soft indistinct drusen and 

pigmentary abnormalities, in turn posing a higher risk for AMD (Williams et al. 2009). 

 Another drusen subtype known as reticular pseudodrusen (RPD) or subretinal 

drusenoid deposits (SDD), has provoked significant interest in more recent years due to 

an associated increased risk with late AMD. Colour fundus photograph (fig. 1.3C) and 

OCT scans (fig. 1.3D) of RPD are shown in figure 1.3.  RPD were first discovered in 

1990 when described as “pseudo-drusen visible en lumière bleue” (RPD visible in blue 

light) due to their enhanced visibility when viewed through the blue channel of a digital 

fundus camera (Mimoun et al. 1990). Since then, RPD are now known to be yellowish 

interlacing networks best detected using OCT or infrared imaging since they lie above 

the RPE in the subretinal space, in contrast to traditional drusen found underneath the 

RPE (Zweifel et al. 2010). After review of patients with varying stages of AMD using 

multimodal imaging techniques, Kovach et al. (2016) reported a significantly higher 

prevalence of RPD in patients with GA and/or CNV (19%) compared with those with 

early or no AMD (13%). Kong et al. (2019) revealed that 15.6% of 192 eyes examined 

with RPD at baseline developed late AMD three years later. A significant association of 

RPD with late AMD has also been established in several other studies (Zweifel et al. 

2010; Spaide 2018). Retinal function deficits related to RPD have previously been 
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reported in the literature (Ooto et al. 2013), with some studies finding significantly 

worse dark-adaptation (Flamendorf et al. 2015) and macular sensitivity (Querques et al. 

2014; Tan et al. 2018; Corvi et al. 2019) in eyes with RPD independent of other specific 

AMD  features such as soft drusen. 

 Furthermore, calcified drusen characterised by a chalky-white or shiny 

appearance visible on fundoscopy (The Age-Related Eye Disease Study Research Group 

2001a) have been identified as an additional sub-type of drusen. They are also known as 

“crystalline drusen” (Jonasson et al. 2003) or “ossified drusen” (Agarwal 2012), but have 

more recently been referred to as “refractile drusen” owing to small glistening spherules 

consisting of calcium (Suzuki et al. 2015). They are a relatively common finding in 

intermediate AMD and appear to be a stage of drusen regression, marked by a loss of 

RPE and therefore pose an increased risk for the development of geographic atrophy 

(Suzuki et al. 2015; Oishi et al. 2017).   Colour fundus photographs (fig. 1.3E) and OCT 

scans (fig. 1.3F) of calcified drusen are shown in figure 1.3.	
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- Figure 1.3:  Colour fundus photography (A, C & E) and OCT scans (B, D & F) of 

various drusen subtypes: (A) Large soft drusen. Black arrows indicate the scan lines for 

the OCT sections demonstrating the deposition of material under the RPE, shown in 

(B). (C) Reticular pseudodrusen or subretinal drusenoid deposits (black arrows), seen on 

OCT sections in (D), highlighted by white arrows. (E) Calcified drusen (black arrows), 

with cross-section OCT image shown in (D). Images A – D reproduced from Spaide 

and Curcio (2010), and E-F reproduced from Oishi et al. (2017). 

 

1.3  - Grading systems  
 
 

Various classification systems are used to grade the stage of AMD present in the 

affected eye(s), typically as early-, intermediate-, or late-stage. All systems are primarily 

based on the size, location and characteristic features of AMD-related lesions, as 

observed in colour fundus photographs viewed with or without stereopsis. Although 

these systems generally all involve identifying the same features of AMD, such as drusen 

and pigmentary abnormalities, some differ in terms of the AMD grade attributed when 

specific retinal features are observed. This can be confusing, particularly when 

interpreting findings from research studies. For example, pigmentary abnormalities may 

A C

D

E

FB
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classify AMD as intermediate in one classification system (Ferris III et al. 2013), or early 

in another (The Age-Related Eye Disease Study Research Group 1999).  

 One of the earliest reported methods is the Wisconsin age-related maculopathy 

grading system (Klein et al. 1991). This has been employed in large-scale 

epidemiological studies in Australia (Mitchell et al. 1995) and America (Klein et al. 1997). 

Those studies using this method viewed images stereoscopically either through the use 

of slides or newer digital viewing methods. A grid is superimposed on the photographs 

and is aligned to be concentric with the fovea so that the retinal location of drusen, 

geographic atrophy etc. can be defined. The grid consists of three circles corresponding 

to 1/3 of the diameter (500 µm), the diameter (1500 µm), and double the diameter 

(3000 µm) of the assumed average for the optic disc. Three groups of graduated 

measurement circles are also included for lesion measurements in the central (C), inner 

(I), and outer subfields (O). The grid and measurement circles are shown in figure 1.4. 

 

- Figure 1.4:  Grid used to define macular subfields, and graduated measurement circles 

to estimate the area involved by AMD features, from the Wisconsin age-related 

maculopathy grading system. These are affixed to a fundus photograph of a right eye 

with intermediate AMD from study data. (Grid and circles from Klein et al. 1991). 

C0
C1

C2

i1

i2

O1

O2
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 These grid and circles form the basis of other commonly used classification 

systems, including the International Classification System (Bird et al. 1995), the Age-

Related Eye Disease Study (AREDS) grading system (The Age-Related Eye Disease 

Study Research Group 2001b), and the Clinical Age-Related Maculopathy Staging 

(CARMS) System (Seddon et al. 2006). The International Classification system (Bird et 

al. 1995) defines morphological features in detail (e.g. drusen morphology, predominant 

drusen type and features of nvAMD) but only specifies late disease as GA or nvAMD, 

leaving all prior disease forms to be generally described as earlier stages. The AREDS 

classification (AREDS Research Group 2001) clearly defines AMD into levels, with 

pigmentary changes falling into early AMD and GA still being an intermediate AMD 

feature if non-central. The CARMS system (Seddon et al. 2006) is based upon the 

AREDS system, but separates late AMD into two end stages, with any GA (location 

independent) being stage 4 and  nvAMD being the final stage (5). More recently, the 

Beckman classification system was proposed by members of the Beckman Initiative for 

Macular Research Classification Committee (Ferris III et al. 2013). This simplified 

grading system considers the most important morphological features of AMD that pose 

a risk for disease progression, whilst being easy to use (Table 1.1).  It appears to be 

more stringent, with AMD pigmentary abnormalities classed as intermediate disease and 

any GA (as well as nvAMD) being late AMD. 
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- Table 1.1:  Beckman clinical classification of AMD (reproduced from Ferris et al. 

2013).	

1.4  - Epidemiology 
 
AMD is the leading cause of irreversible visual impairment in older adults of the 

developed world (Ambati et al. 2003; Congdon et al. 2004; Bunce et al. 2010; The Royal 

College of Ophthalmologists 2013; Wong et al. 2014). Globally, it is the third leading 

cause of moderate to severe visual impairment next to uncorrected refractive error and 

cataract (Flaxman et al. 2017), affecting 8.7% of individuals aged 45-85 years worldwide 

(Jonas et al. 2017). Considering Europe, 16% (13.2% early AMD, 3.0% late AMD) of 

individuals aged 70 years and above are diagnosed with AMD (Colijn et al. 2017). A 

lower prevalence of AMD was discovered in the US, with 6.5% of the population being 

affected (Klein et al. 2011). Rees et al. (2014) found 13,000 patients with AMD (56%) 

Classification of AMD  
Definition 

 

(lesions assessed within 2 disc diameters of  
 

fovea in either eye) 
 

No apparent aging changes  
 

No drusen and; 
No AMD pigmentary abnormalities* 

Normal aging changing  

 

Only drupelets (small drusen £63 µm in 
diameter) and; 
No AMD pigmentary abnormalities* 

Early AMD 

 

Medium drusen: >63 µm  £125 µm in 
diameter and; 
No AMD pigmentary abnormalities* 

 

Intermediate AMD  

 

Large drusen: >125 µm in diameter and/or 
Any pigmentary abnormalities* 

Late AMD  
 

Neovascular AMD and/or 
Any geographic atrophy* 

*AMD pigmentary abnormalities: any definite hyper- or hypo-pigmentary abnormalities 
associated with medium or large drusen but not associated with known disease entities. 



 Chapter One 10 
	

contributing to the cause of registration as sight-impaired or severely sight-impaired, 

with this being the main cause of visual impairment in 11,015 patients (47.5%) in 

England and Wales. Of the total number of colour fundus photographs captured in the 

Northern Ireland Cohort for the Longitudinal Study of Aging, 37.5% evidenced 

morphological AMD features (drusen, pigmentary changes, GA or CNV (Hogg et al. 

2019). With an ageing population and increase in life expectancy, this number is only 

expected to rise. In line with a report released by Pezzullo et al. (2018), it is predicted 

that the sight loss and blindness caused by AMD is expected to more than double 

between 2013 and 2050 in the UK, resulting in a total of 1.23 million affected by 2050. 

Despite these facts and figures, Neely et al. (2017) reported 25% of AMD evident in 

fundus photographs (drusen,  hypo- and hyper-pigmentation) has been undiagnosed by 

primary eye care physicians in dilated fundus examinations, highlighting the likely 

underestimation of AMD prevalence due to poor clinical detection.  

 Differences in the prevalence of AMD have also been reported with ethnicity. 

All forms of AMD appear to be more common in Caucasians compared with black 

populations (Friedman et al. 2004; Klein et al. 2006; Chang et al. 2008; National Eye 

Institute 2010; Vanderbeek et al. 2011).  Interestingly, Vanderbeek et al. (2011) found 

Latinos to have a similar risk of developing the dry (non-exudative) form of AMD to 

Caucasians at age 60, but by age 80 Latinos had an 18% decreased risk compared to 

Caucasians. Furthermore, in a review of the AMD epidemiological literature, Jonas et al. 

(2017) reported a higher prevalence of AMD in European populations of 11.2% 

compared to 6.8% in Asian populations in the earlier stages, but no significant 

difference between these ethnic groups in late disease. Similarly, a study investigating the 

characteristics of lesions in early AMD affecting white Australians compared with 

Asians living in Singapore, found a significantly lower prevalence of any late AMD and 

GA separately in Singaporean Asians compared with white Australians (Joachim et al. 
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2014). Interestingly, the authors reported the prevalence of nvAMD was lower in 

Singaporean Asians, but this failed to reach statistical significance.  

 Additionally, some research studies have found gender to play a role in the 

prevalence of AMD. A higher proportion of females compared to males with AMD has 

been reported in Western populations. Owen et al. (2012) estimated late AMD to be 

60% more prevalent in women (314,000) compared with men (192,000) in the UK, 

attributed to a greater population of older women compared to men. Similarly, National 

Eye Institute (2010) found 65% of AMD cases in the US were in women compared 

with 35% in men. In a review of epidemiological studies of AMD, a higher prevalence 

of late AMD was found in women but this was largely the neovascular type, with no 

difference detected in GA between genders (Rudnicka et al. 2012). In addition to a 

longer life expectancy, the use of exogenous estrogens by women and in particular, 

postmenopausal hormone therapies (ERT/HRT), has been proposed as being a 

beneficial factor in reducing progression to advanced forms of AMD with 

postmenopausal women affected by AMD having a 54% lower risk compared with non-

users (Snow et al. 2002). Conversely, Colijn et al. (2017) found no difference between 

the number of men or women affected by early or late AMD in Europe, until the age of 

85 years and older, where there was a tendency for females to be predominantly affected. 

After more detailed analysis, the authors concluded this was predominantly due to a 

lower number of males compared to females aged ≥85.  In Asian populations, AMD 

has been found to be more prevalent in men (Kawasaki et al. 2010; Sasaki et al. 2018). A 

considerably higher rate of smoking in Asian men compared to women, has been 

hypothesised to cause this disparity (Kawasaki et al. 2008).   

 Atrophic AMD is the most common form of the disease (Seddon and Chen 

2004; Pizzorno et al. 2016). This is perhaps unsurprising since the earlier stages of AMD 
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are also characterised by “dry” features (i.e. drusen and pigmentary changes at the 

macula) prior to progressing to GA in advanced aAMD or nvAMD. Considering only 

advanced forms of the disease, neovascular AMD appears to be more common 

compared with dry AMD. The European Eye Study (EUREYE) investigated the 

prevalence of age-related macular disease in Older Europeans, and discovered that 2.3% 

of participants were affected by wet AMD compared with 1.2% of those with 

geographic atrophy (Augood et al. 2006). Similar findings have been reported in 

research studies investigating other populations, including India (Krishnan et al. 2010), 

Australia (Mitchell et al. 1995; VanNewkirk et al. 2000), United States (Klein et al. 2002; 

Van Leeuwen et al. 2003), and China (Song et al. 2017). Contrasting data for an urban 

Norwegian population was however observed by the Oslo Macular Study who found 

GA to be more common compared to nvAMD (3.6% vs. 2.9%, respectively, in 

individuals aged over 70 years (Björnsson et al. 2006). Although interesting, the authors 

highlighted their low sample size (n=800) acquired randomly from the Office of 

National Registrar in Norway, and low participation rate (42.6%).    

 

1.5  - Risk factors 
	
Multiple factors have been reported to influence susceptibility to AMD and disease 

progression (Table 1.2). Advancing age is however, inarguably the top contributing 

factor (Evans 2001; Smith et al. 2001; Owen et al. 2012; Sardell et al. 2016), 

demonstrated in Fig. 1.6. This is unsurprising, due to the accumulation of pre-cursors to 

AMD and their resultant damage to the RPE and photoreceptors over time.  
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- Table 1.2:  Risk factors associated with AMD. 

 

- Figure 1.5:  Prevalence of AMD grouped by age reported by epidemiological studies. 

Figure adapted from Evans (2001).  

 

 Genetic risk factors are also known to be major contributors for AMD 

development. In a study by Maller et al. (2006), it was found that having a sibling 

affected by AMD can increase chances of developing the disease by a three to six times 
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more than those without. Studies suggest that two of the strongest genetic associations 

with an increased risk of the disease are common polymorphisms at chromosome 1, 

involving the complement factor H (CFH) gene (Edwards et al. 2005; Maller et al. 2006; 

Yu et al. 2012), and chromosome 10 affecting the ARMS2 (age-related maculopathy 

susceptibility 2) gene (Scholl et al. 2009; Grassmann et al. 2017; Sun et al. 2017). In an 

interesting study by Mullins et al. (2018), participants who did not show any clinical 

evidence of AMD but carried the high-risk allele of the ARMS2 gene were found to 

have a significantly delayed rod-mediated dark adaptation time (after correction for age 

and smoking effects). Although this delay was not statistically significant for the CFH 

gene, there is potential for genetic risk factors as biomarkers for functional effects of 

pre-clinical AMD.  

 Furthermore, health and lifestyle have proven to significantly influence the 

possibility of developing AMD.  Mixed opinions on a variety of factors and their 

association with age-related macular disease have been reported throughout the 

literature, but one that is consistently cited and such that is modifiable, is cigarette 

smoking (Mitchell et al. 2002; Chakravarthy et al. 2010; Seddon et al. 2011; Detaram et 

al. 2019). Macular pigment density and therefore its protective effect on the central 

retina owed to the antioxidants that it consists of (lutein and zeaxanthin), is significantly 

reduced in smokers compared to non-smokers, even after dietary carotenoid intake has 

been accounted for (Hammond et al. 1996). Thus, smoking is likely to contribute to 

oxidative stress at the macula leading to AMD. It has also been reported to result in 

direct damage to the blood vessels themselves, by atherosclerosis (Vingerling et al. 1995), 

vasoconstriction (Tamaki et al. 2000) and the action of nicotine on smooth muscle cells 

promoting choroidal neovascularisation (Suñer et al. 2004).  

 Numerous studies have investigated the linkage between body mass index and 

obesity to AMD development, justifiably due to the increased effect of higher body 
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weight on pathogenic processes involved in the disease, such as blood lipids, oxidative 

stress and inflammatory processes, all described in section 1.5.1. The majority of studies 

established a link, with this becoming statistically significant between obesity and late 

AMD as reported in a recent meta-analysis of the literature (Zhang et al. 2016).  Studies 

which reported no association between increased weight in AMD were not comparable 

due to differences in disease classification, in that all cases with medium or large drusen 

(diameter >63 µm) were included (Munch et al. 2013) or only early AMD was examined 

(Klein et al. 2014). Nonetheless, given the increased risk of developing late AMD with 

obesity, it is unsurprising that a positive association between higher levels of dietary fat 

intake and progression to advanced AMD has been reported (Seddon et al. 2003; 

Parekh et al. 2009; Cho et al. 2013).  

 Several other systemic conditions have also been reported to increase the risk of 

AMD development, including cardiovascular disease (Vassilev et al. 2015), systemic 

hypertension (Sperduto and Hiller 1986; Age-Related Eye Disease Study Research 

Group 2000) and diabetes (Goldacre et al. 2012; Vassilev et al. 2015). The exact cause of 

how these conditions may lead to age-related macular disease is unclear, but it is likely 

related to the underlying vascular mechanism of AMD, with theories hypothesised such 

as damage to the choroidal circulation, Bruch’s membrane and the RPE (Goldacre et al. 

2012).  

 Conflicting findings on the association of ocular factors such as refractive error 

with AMD have been reported throughout the literature. In the Age-Related Eye 

Disease Study (Age-Related Eye Disease Study Research Group 2000), patients with 

either extensive drusen and neovascular AMD were statistically more likely to have a 

hyperopic refractive error (long-sighted) in comparison to myopia (short-sightedness). 

Early AMD was significantly more prevalent in hyperopia in review study by Li et al. 

(2014), but interestingly not late AMD.  In spite of this, there is no established 
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explanation for why refractive error would influence the risk of acquiring age-related eye 

disease, and no significant association has been established in other large-scale 

population-based studies after adjustment for other known risk factors (Gibson et al. 

1986; Wang et al. 1998). Correlations between lens opacities and light iris colour with 

age-related macular disease have been previously discussed in several research studies 

(Liu et al. 1989; Age-Related Eye Disease Study Research Group 2000; Fraser-Bell et al. 

2010), with no consistent results being found as to whether an association exists or not. 

Intriguingly however, previous cataract surgery has been found to be a strong risk factor 

for neovascular AMD (Freeman et al. 2003; Chakravarthy et al. 2010; Klein et al. 2012). 

It has been proposed that the increased prevalence of AMD post-cataract surgery may 

be because it is easier to detect once the cataract is removed (Freeman et al. 2003). With 

OCT now increasingly playing a pivotal role in the diagnosis of AMD, particularly in 

research, this hypothesis would seem unlikely that age-related macular changes would be 

missed in spite of lens opacities. The thought that the surgical trauma of cataract 

extraction causes disruption to Bruch’s membrane, promoting choroidal 

neovascularisation seems more viable (Van Der Schaft et al. 1994).  

 

1.6  - Pathogenesis of AMD  

1.6.1 – Potential mechanisms  

It is widely accepted that the presence of soft macular drusen is a clinical hallmark for 

AMD and a major risk factor for its progression (Gass 1972, Hogan 1972, Sarks et al. 

1980, Hageman et al. 2001, Crabb 2014).  Drusen are lipid-rich extracellular material, 

also consisting of proteins and minerals that accumulate between the RPE and Bruch’s 

membrane of the choroid (Sarks et al. 1988, Crabb 2014, Curcio 2018, Fig. 1.5). It is 
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thought that drusen material arises from multiple sources, including cellular debris from 

processed photoreceptor outer segments, the RPE, choroid and blood (Bergen et al. 

2019). Degeneration and dysfunction of overlying and flanking photoreceptors 

(Johnson et al. 2005) and surrounding RPE (Ambati and Fowler 2012) at the macula 

follows, resulting in co-localised deficits in central visual function. 

 

 

- Figure 1.6:  Drusen within the retinal layers. Abbreviations from inner to outer layers: 

ChC, choriocapillaris; BrM, Bruch’s membrane; RPE-BL, RPE-basal lamina; RPE, 

retinal pigment epithelium; OS, photoreceptor outer segments; C, cones; R, rods; IS, 

photoreceptor inner segments; ELM, external limiting membrane; ONL, outer nuclear 

layer. Figure reproduced from Curcio et al. (2018). 
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maintaining the health of photoreceptors, through the delivery of nutrients from 

lipoproteins supplied by the choroid. This process produces cytotoxic lipoprotein 

particles, which must be cleared from the RPE and recycled back to the choroid 

through Bruch’s membrane. However, this becomes less effective in the ageing retina 

and lipoproteins accumulate, eventually leading to the formation of a lipid wall below 

the RPE basal lamina, described as an ‘oil spill’ on the inner surface of Bruch’s 

membrane. This is a natural consequence of ageing and can be seen from the age of 40, 

but over time oxidative and non-oxidative processes result in changes to the lipid wall 

with harmful properties. This has been termed ‘Response-to-Retention’ and initiates the 

formation of lesions specific to AMD, primarily drusen and a thin layer of the same 

druse material known as basal liner deposit (Curcio et al. 2011). This process is 

compared to atherosclerosis in the blood vessels, where fat, cholesterol, and other 

substances form plaque in the artery walls as part of an inflammatory process (Ross 

1999).  Previously mistaken for drusen, RPD (or SDD) also accumulate between the 

RPE and photoreceptors as part of the AMD pathogenesis process, and distinctly differ 

from drusen in not only their location, but also in protein, lipid and mineral content 

(Spaide et al. 2018). There is no one accepted mechanism for their formation, but 

theories include choroidal infarction (Sohrab et al. 2012; Grewal et al. 2014), 

dysfunction in the transport mechanism for cholesterol and polyunsaturated fatty acids 

between the RPE to the Müller cells and inner segments (Spaide 2013), vitamin A 

deficiency or abnormalities in the retinoid cycle (Suzuki et al. 2014).  

While important, the accumulation of drusen and subsequent dysfunction of the 

RPE in the ageing eye is not the sole pathophysiological process in AMD. Following the 

observation of choroidal tissues collected post-mortem from controls and eyes with 

varying stages of AMD, Seddon et al. (2016) proposed that choroidal vasculature is lost 

in AMD. They concluded that atrophy of the RPE occurs before loss of the 
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choriocapillaris, this loss however also occurring without RPE atrophy in early AMD. 

Neovascular buds were also observed adjacent to loss of choroidal vasculature and 

CNV when the RPE was still intact. The group hypothesised that CNV may result from 

a hypoxic RPE, leading to production of vascular endothelial growth factor (VEGF), 

driving proliferation of choriocapillaris endothelial cells and eventual RPE atrophy. 

Interestingly, choriocapillaris loss also appeared to increase as a function of disease 

severity (Seddon et al. 2016). Further work involving post-mortem eyes with only early 

AMD (n=7) found significantly larger macular areas affected by loss of the 

choriocapillaris compared to age-similar controls, with neovascular buds found at the 

borders of such areas in early AMD eyes. 

Additionally, inflammatory mechanisms are unsurprisingly believed to play a 

significant role in the development of AMD, given that inflammation classically occurs 

as a result of stress in cells and tissues (Medzhitov 2008). To a certain extent, 

inflammation in the eye is considered a normal part of ageing. The accumulation of 

oxidised lipoproteins and free radicals result in increased oxidative stress in the ageing 

retina, and therefore increased activation of the innate retinal immune system over time 

(Xu et al. 2009). This results in chronic low-grade inflammation, known as 

parainflammation (Medzhitov 2008, Xu et al. 2009). In the healthy ageing eye, the 

process of parainflammation can maintain homeostasis, but when this becomes 

dysregulated, chronic inflammation and consequently damage to the macula can occur 

(Chen and Xu 2015). Some of the established risk factors for AMD (discussed in 

chapter 1.5) are known to also affect the immune system and are hypothesised to 

potentially cause this dysregulation of parainflammation, including age (Desai et al. 

2010), genetic make-up (Bhutto et al. 2011), smoking (Mian et al. 2008) and high dietary 

fat intake (Han et al. 2003, van Kampen et al. 2014).   
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1.6.2  - Effect on photoreceptors  
 
The retina consists of two primary types of light-sensitive cells, namely cone 

photoreceptors responsible for photopic vision (bright conditions) which operate at 

luminances over 3 cd/m2 and rod photoreceptors that mediate scotopic vision (dark 

conditions, over a luminance range below 0.001 cd/m2 (Roufs 1978). Both cone and rod 

cells function in intermediate lighting, known as mesopic conditions, between 0.001-3 

cd/m2 (Roufs 1978). In humans, the macula consists of a cone-dominated fovea 

providing high-resolution tri-chromatic colour vision, this being surrounded by a larger 

rod-dominated parafovea (Østerberg 1935, Curcio et al. 1990).  Due to the pathological 

mechanisms discussed (see section 1.5.1), it is well established that both rod (Brown et 

al. 1986) and cone function (Brown, Tobin, et al. 1986) within the macula become 

impaired in AMD. Furthermore, degeneration and loss of photoreceptor occurs prior to 

progression to late AMD in the RPE and Bruch’s membrane (Jackson et al. 2002).   

 While damage and loss of all classes of photoreceptor occurs in AMD, it is 

recognised that rod photoreceptors appear to be lost first in the condition, such that 

AMD likely begins in the parafoveal region (Curcio et al. 1996, Shelley et al. 2009). 

Studies of functional loss in AMD also support this hypothesis (see chapter 2). Owsley 

et al. (2000) measured dark- and light-adapted perimetric thresholds in patients with 

varying stages of AMD finding the differences between AMD participants and controls 

to be largest in dark-adapted conditions where vision is rod-mediated. Scotopic 

sensitivity was also most severely reduced between 2° and 4° from the fovea, 

strengthening the theory that AMD-related damage occurs first in the parafovea. Other 

work within this group have consistently demonstrated earlier disruption of rod 

compared to cone function, since reduced rod-mediated dark adaption was observed in 

spite of preserved photopic visual acuity in AMD participants compared to controls 

(Owsley et al. 2001, 2016, Jackson et al. 2014). Developing treatment strategies that 
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target rod photoreceptor degeneration could therefore potentially help prevent the 

progression of AMD and particularly in preventing cone loss later in the disease (Curcio 

et al. 2000). 

 Furthermore, rod photoreceptors appear to be more prone to age-related 

changes than cones. Additionally to AMD, Curcio and collegues (1993) investigated 

only age-related change in the human macula from donors aged 27-90 years. Rod 

density was reported to decrease by 30% over this timespan, initially identified inferior 

to the fovea in midlife and forming an annulus of deepest loss at 0.5 to 3 mm 

eccentricity by the ninth decade. The locations of highest rod density appear to be less 

affected, since they are typically found at 2 to 5 mm retinal eccentricity with a peak at 4-

5 mm superior to the foveal centre (Østerberg 1935, Curcio et al. 1990). Conversely, the 

number of cones was found to be relatively stable irrespective of age (Curcio et al. 1993). 

Analogous to AMD, functional measures of rod and cone activity are representative of 

these histological findings. Older adults with no funduscopic signs of AMD were found 

to have reduced perimetric scotopic sensitivity compared to younger adults, with this 

being similar throughout the parafovea (Jackson et al. 1998, Jackson and Owsley 2000). 

Scotopic sensitivity was demonstrated to gradually decrease at double the rate of 

photopic sensitivity reduction (0.08 vs 0.04 log units per decade, respectively) (Jackson 

and Owsley 2000). Older adults unaffected by AMD were also found to take 

significantly longer to adapt to dark conditions. Further work by Jackson et al. (1999) 

investigating dark adaptation, reported that after exposure to a bright light to bleach rod 

photoreceptors, participants aged 70 years took over 10 minutes longer to return to pre-

bleach retinal sensitivity compared to 20 year olds. More recently, Curcio and colleagues 

(2020) have proposed the ‘Centre-surround model’ to explain the increased vulnerability 

of rod compared to cone photoreceptors to damage and loss as a result of both ageing 

and AMD in the human macula. The group hypothesized that xanthophyll cartenoid 



 Chapter One 22 
	

pigments (lutein, zeaxanthin and meso-zeaxanthin) rich at the foveal centre have a 

protective role to cone photoreceptors, but also extend parafoveally and contribute to 

the accumulation of drusen and subsequent damage to surrounding rod photoreceptors 

(Curcio 2018a; Curcio et al. 2020).   

 In summary, it is clear that both rod and cone photoreceptors are both affected 

by natural aging and the age-related macular disease process, with rod cells being 

impaired earlier and to a greater extent in both scenarios. In addition to the “oil spill”, 

vascular and inflammatory mechanisms discussed in section 1.5.1 to explain the harmful 

effects of aging on the macula and how this may convert to AMD, a retinoid deficiency 

hypothesis has been proposed to explain slowed rod-mediated dark adaptation and the 

earlier involvement of rods relative to cones in aging and AMD (Curcio et al. 2000). 

After exposure to bright light, dark adaptation describes the process whereby the 

bleached photosensitive pigment rhodopsin, required for rod cell function in dark 

conditions, is regenerated (Lamb 1981, Leibrock et al. 1998). This is known as the visual 

cycle which describes biochemical reactions that occur in the photoreceptors and RPE 

to produce the retinoid derived from vitamin A known as 11-cis-retinal, from all-trans 

precursors transported by plasma proteins across Bruch’s membrane (Saari 2000). 

Rhodopsin is formed from the re-combination of 11-cis retinal and the protein opsin 

(Saari 2000). Leibrock et al. (1998) proposed that slow rod-mediated dark adaption 

suggests limited availably of 11-cis retinal to the photoreceptors, and therefore the 

accumulation of intermediate substances that actively desensitise the retina. In view of 

this, possible theories within the retinoid deficiency hypothesis include disruptions to 

the physical process of producing 11-cis retinal within the photoreceptors and RPE or 

lessened uptake of retinoids from the blood to the RPE required for 11-cis retinal 

formation, as a result of aging or AMD (Curcio et al. 2000). 
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1.6.3 – Neural remapping 

In the healthy human retina, the fovea provides the high-resolution acuity we need to 

carry out detailed tasks we encounter in our day to day lives, such as reading, 

recognising faces and driving. AMD results in damage to the macula and therefore 

progressive loss of central vision. As a consequence of this, patients with AMD often 

adapt or can be trained to use less affected peripheral retinal locations when the fovea is 

damaged known as the preferred retinal location(s), in a technique termed eccentric 

viewing (von Noorden and Mackensen 1962; Holcomb and Goodrich 1976). Crossland 

et al. (2011) suggested the PRL(s) is defined as one or more discrete retinal areas that is 

repeatedly used for fixation during a specific task, and is used as the oculomotor 

reference. Whilst it is well established that PRLs exist, there is great debate as to 

whether adoption of a PRL(s) may lead to altered neural processing in higher visual 

centres.  

 Work by Baker et al. (2005) was one of the first studies to report alterations in 

visual processing due to macular disease. Strong activation of visual cortex normally 

corresponding to the fovea was produced by stimuli presented to the extrafoveal PRL 

of two patients with macular degeneration (MD), with foveal stimuli also resulting in no 

cortical activation at all. In spite of this, these patients did not have AMD. One patient 

(aged 56 years old) had rod-cone dystrophy diagnosed in his late 30’s and the other 

patient (aged 50 years old) had juvenile MD diagnosed aged 11 years. Such conditions 

were also not recently acquired and involved complete loss of foveal vision, raising the 

question if the same observations would be seen in more recently acquired macular 

disease. The same group then attempted to address these issues by recruiting five new 

participants, including one with aAMD (disease duration: 19 years). Findings revealed 

that activation of the foveal cortex by PRL stimulation was only evidenced when foveal 
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vision was completely absent (Baker et al. 2008), confirmed in re-retesting of one 

participant with juvenile MD who no longer showed foveal sparing and developed 

altered neural processing (Dilks et al. 2014). Once again, participants had significant MD 

disease durations (range: 19-46 years), and thus no recently acquired conditions. 

However, Schumacher et al. (2008) replicated activation of the cortical area 

corresponding to the fovea for stimuli presented to the PRL in participants with a range 

of disease durations in five participants with AMD (duration range: one to >10 years) 

and one participant with juvenile MD (duration: 63 years i.e. since birth). 

 Although large-scale cortical remapping in macular degenerative conditions 

appeared to be a novel association of PRL development, other studies have disagreed 

with this idea. Baseler et al. (2011) proposed that visual pathway organisation was found 

to be stable in younger patients with juvenile MD and older patients affected by AMD. 

They described similar activation patterns in the retinal lesion projection zone of the 

cortex for patients with MD compared to controls with simulated central scotomas. 

Work by Liu et al. (2010) presented various stimulus types to participants with juvenile 

MD and AMD in order to activate the PRL, non-PRL (alternative healthy peripheral 

retinal location) and fovea separately, as well as a full field stimulus. They concluded that 

some extent of cortical reorganisation was present in all participants, since stimulating 

the PRL yielded more extensive cortical activation than non-PRL locations, yet stimuli 

presented across the entire display and therefore stimulating the PRL, did not activate 

the foveal cortical region or lesion projection zone. Psychophysical investigations of 

cortical plasticity have indicated the possibility of partial cortical reorganisation in 

macular degeneration (Maniglia et al. 2018). Nonetheless, due to significant differences 

in study methodologies, type of macular degeneration, disease onset and limited sample 

size among other issues, whether cortical remapping is a feature of age-related macular 

degeneration remains inconclusive.	
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1.7  - Treatments for AMD  
 

Age-related macular degeneration continues to be a growing epidemiological concern, 

owing to the fact that no cure exists in spite of an increasingly aging population and 

rising disease incidence. For nvAMD, substances that inhibit vascular endothelial 

growth factor (VEGF) known as anti-VEGF agents, have become the recommended 

and globally employed treatment option (Cheung and Wong 2013; Tah et al. 2015; 

National Institute for Health and Care Excellence 2018).  

 Anti-VEGF agents are injected into the vitreous cavity and help prevent further 

blood vessel growth and accumulation of fluid, blood and lipids, aiming to reduce lesion 

size in the macula. Various forms of anti-VEGF injections have been approved, namely 

ranibizumab (Lucentis; Genentech, California, USA), aflibercept (Eylea; Regeneron, 

New York, USA) and bevacizumab (Avastin; Genentech, California, USA), all of which 

have been evidenced as equally safe for use and in clinical effectiveness, in double-

masked, randomised controlled trials (Brown et al. 2006; Rosenfeld et al. 2006; Kaiser et 

al. 2007; Abraham et al. 2010; Heier et al. 2012; Ho et al. 2014; Chakravarthy et al. 2015). 

These trials report improvements in visual acuity of at least 15 letters with anti-VEGF 

treatment, but this cannot be guaranteed for all patients, since vision remains static in 

some or even continues to worsen in others. The first three courses of injections are 

typically given every four weeks, and then reviewed every 4-6 weeks thereafter, to 

determine if further treatment is needed. However, it is thought that relatively frequent 

treatment of eyes with nvAMD is required to obtain/maintain good vision, regardless of 

treatment regimen (Khanna et al. 2019). With each injection costing up to £800 

(Lucentis and Eylea), the reality of this school of thought is not viable, especially with 

the average number administered to each patient being already eight injections (The 

Lancet 2018). Avastin is a much cheaper alternative costing only £28 per injection, but 
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was not previously licensed for AMD treatment in the UK, despite being licensed for 

other forms of neovascular ocular disease including diabetic retinopathy (The Lancet 

2018). However, this legislation has recently changed with Avastin now being legal for 

use in the treatment of nvAMD (Dyer 2020). Other promising cost-effective agents 

being trialed include conbercept (Lumitin; Chengdu Kanghong Biotech Co, Ltd, 

Chengdu, China) (Li et al. 2014a; Liu et al. 2019)  and Brolucizumab (Beovu; Novartis 

Pharmaceuticals Corporation, USA) (Dugel et al. 2017; Dugel et al. 2020).  

 Nonetheless, preventing the progression of AMD in the earlier stages when only 

dry characteristics of the disease are evident, would be a superior strategy in theory. 

Currently, there is no available treatment for aAMD at any disease stage. In spite of this, 

there has been significant interest in work by the Age-Related Eye Disease Study 

Research Group (AREDS), advocating supplementation to delay progression of AMD 

and associated vision loss. In 2001, the group reported that a high dose of antioxidants 

(500 mg vitamin C, 400 IU vitamin E, 15 mg beta carotene) plus zinc (80 mg zinc oxide, 

2 mg cupric oxide) could reduce the risk of progression to advanced AMD in 5 years by 

around 25% in eyes with intermediate AMD or late AMD in one eye only (AREDS 

Research Group 2008). Following the discovery of the potential harmful effects of beta-

carotene in current or former smokers due to the associated increased risk of lung 

cancer, and investigation of other supplement components in a subsequent trial, results 

concluded that lutein and zeaxanthin would be more appropriate than beta-carotene 

(Chew et al. 2014b). Although encouraging, these findings are limited to patients with 

these specific stages of AMD investigated by AREDS, and there is currently no 

evidence that supplements could prevent onset of AMD in individuals with no clinical 

signs of AMD (Evans and Lawrenson 2012). Additionally, supplements are not available 

on the NHS by GP prescription and are not cheap, with a monthly costing of 

approximately £30 for no guaranteed benefit.  Alternatively, a diet rich in antioxidants 
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and carotenoids can be recommended, but advice for optometrists from the 

professional body (College of Optometrists) has recently been revised to summarise that 

insufficient clinical evidence is available to make any strong recommendations on either 

dietary interventions or supplementation (Evans and Lawrenson 2018).  

 Various other possible forms of AMD treatment have been proposed, with 

some of these found to be unsuccessful, including the oral intake of statins to encourage 

drusen regression (Gehlbach et al. 2016) and supplementation of dietary omega 3 fatty 

acids (Lawrenson and Evans 2015). Others are currently undergoing clinical trials or 

further investigation is required, thus no concrete conclusions on their success can yet 

be made. These include anti-inflammatory agents (Wang et al. 2011), the application of 

visible to near-infrared light to the damaged macula known as photobiomodulation 

(Geneva 2016; Merry et al. 2017; Henein and Steel 2018) and gene therapy (Clinical 

Ophthalmology Research Group 2019) . One of the most exciting recent developments 

is the replacement of damaged retinal pigment epithelium using stem cells. Amazingly, a 

visual acuity gain of 29 and 21 letters in two patients with severe wet AMD was seen 

over 12 months, after delivery of a patch of embryonic stem-cell derived RPE (da Cruz 

et al. 2018). Although only in the early phases of development, these promising results 

are an early indication of the viability and safety of stem cell treatment in AMD. The 

group also hope to replicate these results in patients with early age-related macular 

disease. 
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2.  Visual function in AMD 

  

2.1 – Defining visual function  

Broadly speaking, visual function describes how the visual system works to allow 

adaptation and see in the range of visual conditions we are exposed to. In reality, it is 

much more complex. We are able to detect and resolve objects of different size, shape 

and texture, in bright and dark environments, both in the central and peripheral visual 

field. All these aspects of visual function must therefore be assessed and quantified in 

some way, in healthy and diseased visual systems. Functional changes reported in AMD 

will be reviewed in the following chapter. 

 

2.2 – Effect of AMD on visual function 

AMD can lead to a detrimental effect on central visual function, the severity of this 

largely being dependent on disease stage and the location of retinal damage in relation to 

the anatomical fovea (Klein et al. 1995; Hogg et al. 2003). The precise measurement of 

visual function in AMD is of utmost importance both clinically, to aid in monitoring and 

management of the condition, and in research to better understand the effect of AMD 

on vision and in the development of therapeutic and supportive interventions. A battery 

of tests is available to use, with some providing a better representation of disease impact 

than others. Some debate remains as to what combination of clinical tests is optimal to 

detect and monitor AMD, particularly atrophic AMD (aAMD) (Cocce et al. 2018; Finger 

et al. 2019; Curcio et al. 2020; Pfau et al. 2020a; Pondorfer et al. 2020). 
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2.2.1 – Distance visual acuity  

High-contrast, distance visual acuity (DVA) measured with optimum correction, 

otherwise known as best-corrected visual acuity (BCVA), is by far the most commonly 

used measure of visual function in optometric practice including assessment of AMD. 

BCVA is used in determining fitness to drive and even in ascertaining patient suitability 

for the treatment of neovascular AMD (nvAMD) (National Institute for Health and 

Care Excellence 2014). In spite of being widely used, BCVA does not reflect symptoms 

reported in AMD, since it remains unchanged or mildly affected depending upon the 

location and composition (e.g. atrophy, fibrosis) of associated lesions (Hogg et al. 2003). 

Klein et al. (1995) reported patients with early AMD to lose fewer than two letters on 

the reference standard Early Treatment Diabetic Retinopathy Study (ETDRS) chart 

compared to age-matched controls, which has little clinical relevance given the test-

retest variability (TRV). For example, TRV it is reported to range from 3.5 ETDRS 

letters or 0.07 logMAR (Elliott and Sheridan 1988; Vanden Bosch and Wall 1997) to 9 

letters or 0.18 logMAR (Rosser et al. 2001; Shah et al. 2011) in healthy observers, and 9 

– 17 letters (0.18 – 0.34 logMAR) for AMD patients ranging from early to late disease 

(Patel et al. 2008). Patients may also complain of difficulty driving, particularly at night, 

owing to reduced rod photoceptor function, in spite of good high-contrast visual acuity 

(Mangione et al. 1999; Scilley et al. 2002). Nonetheless, as AMD develops and damage 

encroaches onto the fovea, BCVA is dramatically affected, relatively similarly in both 

neovascular and atrophic forms (Klein et al. 1995). This was also demonstrated by 

(Chew et al. 2014c), where participants with intermediate AMD who did not progress to 

advanced disease over a 10-year period maintained good visual acuity (median BCVA: 

6/7.5), in contrast to those who converted to late AMD (median BCVA: 6/60) over this 

period. 
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 There are a number of test charts used both clinically and in research to measure 

BCVA. The Snellen chart is the most commonly used method for measurement of 

visual acuity in clinical practice, in spite of its established poor reliability and 

reproducibility (Kaiser 2009). To overcome these issues, a chart with five letters on each 

line, proportional spacing and logarithmic letter size progression, was developed by 

Bailey and Lovie (1976). The design principles of the Bailey-Lovie chart have become 

the reference standard (Bailey and Lovie-Kitchin 2013). These have since been applied 

in the production of the ETDRS test chart, this initially being developed to examine the 

efficacy of early treatment of diabetic retinopathy (Ferris et al. 1982). The Bailey-Lovie 

and ETDRS chart are similar with both having the major advantage of enabling the 

accurate measurement of low visual acuities (Lovie‐Kitchin 1988). The primary 

differences between these charts include standard test distance (Bailey-Lovie: 6 m, 

ETDRS: 4 m) and letter design (Bailey-Lovie: 1968 British Standard, ETDRS: Sloan).  

 Although ETDRS charts are commonly used to measure high-contrast VA in 

research studies examining ocular disease (including AMD) (Kaiser 2009; Cacho et al. 

2010; Tarita-Nistor et al. 2011; Pearce et al. 2014; Ramírez Estudillo et al. 2017; 

Pondorfer et al. 2020), Snellen charts still remain the chart of choice in clinical practice. 

Measurements with the Snellen chart are consistently underestimated relative to logMAR, 

particularly in patients with poor visual acuity (6/60 or less), where a two line difference 

has been reported in comparison to the ETDRS chart in patients with diabetic 

retinopathy and AMD, particularly nvAMD (Kaiser 2009). Figure 2.1 nicely 

demonstrates the discrepancies in measurements for a range of acuities. Nonetheless, 

the delay in switching to logMAR charts appears to be a matter of familiarity and an 

unwillingness to change, since the Snellen chart is widely recognisable and the 

measurements are well understood throughout the medical profession (Hussain et al. 

2006).        
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- Figure 2.1: Correlation between visual acuity scores measured on the ETDRS and 

Snellen charts. The red line represents the equivalence line (slope = 1). The black line 

represents the regression line, with the dotted lines representing the 95% confidence 

intervals. Figure adapted from Kaiser et al. 2009. 

 

 More recent work has examined the effect of optotype design, and specifically 

their spatial frequency content, on the sensitivity and repeatability of high-contrast VA 

measurement in AMD (Shah et al. 2014; Shah et al. 2016). The Moorfields Acuity Chart  

(MAC, developed in 2014) is based on the design of the ETDRS chart, but instead uses 

high-pass filtered optotypes such that detection and recognition thresholds are equal at 

the fovea, whilst improving inter-letter legibility for the Sloan letter-set unlike 

conventional broadband optotypes (Shah et al. 2014). This was proven to be effective in 

detecting a greater functional loss in AMD patients with early disease, with a difference 

of approximately 1.5 lines between the MAC and ETDRS charts found in healthy 

observers with similar visual acuities compared to an approximate 4.5 line difference for 

patients with different stages of AMD (Shah et al. 2016). These results indicate that the 
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MAC is a promising functional measure for earlier detection of AMD.  Pondorfer and 

colleagues (2020) supported this hypothesis in the investigation of the structure-function 

relationship in early and intermediate AMD, where MAC visual acuity measurements 

were significantly associated with drusen volume in addition to microperimetry results, 

compared to other visual function measures. LogMAR test charts for measuring 

distance visual acuity are shown in Fig. 2.2. 

 

 

- Figure 2.2: LogMAR visual acuity charts: (A) Bailey-Lovie, (B) ETDRS, (C) MAC. 

Image (A) adapted from Bailey and Lovie (1976). Images (B) and (C) adapted from Shah 

et al. (2016).   

 

2.2.2 – Low-luminance visual acuity 

Measuring low-luminance visual acuity (LLVA) is not generally performed in optometric 

practice. In a research-based setting however, it typically involves measuring visual acuity 

either monocularly or binocularly with an ETDRS chart, but viewing the letters through 

a 1.5 or 2.0 log unit neutral density filter (Sunness et al. 1997; Sunness et al. 2008).  

LLVA can be subtracted from BCVA to enable determination of the low-luminance 

deficit (LLD) (Sunness et al. 2008). These can be useful measures of visual function, 

given that AMD patients tend to struggle more in dimly lit environments and require 

A B C
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significant additional lighting to aid visual function (Sloan 1969; Brown and Lovie-

Kitchin 1983; Kuyk and Elliott 1999). Since LLVA or LLD determine foveal function 

where rods are sparse, these measures are thought to represent cone photoreceptor 

functioning (Sunness et al. 2008; Puell et al. 2012).  

 Sunness et al. (2008) suggested LLD as a strong predictor of BCVA loss caused 

by geographic atrophy (GA) due to AMD. BCVA (ETDRS), LLVA, Pelli-Robson 

contrast sensitivity (see section 2.2.3), reading speed and static dark-adapted foveal 

contrast thresholds (only for participants with foveal fixation) were compared two years 

after baseline. The authors found LLD to be more strongly related to progressive 

change in BCVA, compared to baseline BCVA. Dark-adapted foveal sensitivity was in 

fact the strongest indicator of AMD progression, but this relies on stable foveal fixation 

(Sunness et al. 2008). Puell et al. (2012) identified a one line letter difference (0.1 

logMAR) in high-contrast (90%) VA between participants with early AMD (Bird et al. 

1995) and controls under mesopic conditions (0.1-0.2 cd/m2), yet no significant 

difference in high-contrast VA was observed between participant groups under photopic 

conditions (85 cd/m2) (Puell et al. 2012). Furthermore, Wu et al. (2014) used linear 

regression analyses to demonstrate significant correlations between central retinal 

sensitivity quantified using MAIA microperimetry (mean sensitivity across one point at 

0° and four points at 1° eccentricity) and LLVA (R=0.706, P<0.001) in patients with 

varying degrees of AMD. The authors found BCVA was also significantly correlated 

with central retinal sensitivity using linear regression (R=0.50, P<0.001), yet only LLVA 

was significantly correlated using multiple linear regression (LLVA: P<0.001, BCEA: 

P=0.25). Despite this, microperimetry was still able to detect a much greater AMD-

induced functional deficit compared to both VA measures, since a difference of two 

standard deviations (SD) from controls in LLVA and BCEA was equivalent to 6.1 SDs 

and 3.7 SDs with central retinal sensitivity. In further work, Wu et al. (2015) examined 
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progression in visual function over 12 months with microperimetry, LLVA and BCEA 

in eyes with intermediate AMD and non-foveal GA, and found significant reductions in 

mean pointwise sensitivity compared to baseline that were not detectable with LLVA 

and BCEA. More recently in an attempt to examine the structure-function relationship 

for LLD in intermediate AMD, drusen volume within the central 3 mm of the macula 

was not related to LLD (Ou et al. 2020).  

 In conclusion, visual acuity measured in low luminance conditions appears to 

more sensitive to impaired foveal function in AMD compared to high-contrast distance 

visual acuity. Despite this, other clinical tests where responses are mediated by rod (e.g. 

rod-mediated dark adaptation), or both rod and cone photoreceptors (eg. dark-adapted 

or scotopic microperimetry) may be more sensitive to visual function deficits in AMD 

(i.e. larger disease signal). 	  

 

2.2.3 – Contrast sensitivity  

Contrast sensitivity is a key measure of visual function in AMD. This can determine the 

likelihood of patient success in reading with magnifiers, in addition to near visual acuity, 

field of view and central scotoma size (Whittaker and Lovie-Kitchin 1993; Latham and 

Tabrett 2012). Sometimes high-contrast visual acuity can be mildly reduced or 

unaffected in AMD whilst contrast sensitivity is more limited, resulting in difficulties 

with low-contrast reading material such as newspapers or environments with poor 

lighting (Kleiner et al. 1988).  

 Information is processed by the human visual system through different spatial 

frequency channels (Campbell and Robson 1968). When contrast thresholds are 

measured for various spatial frequencies and plotted on a log scale, a band-pass function 

known as the contrast sensitivity function (CSF) is produced, where contrast sensitivity 
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peaks at a spatial frequency of approximately 5-10 cycles per degree (cpd) in a healthy 

visual system under photopic conditions (Van Nes and Bouman 1967).  Visual acuity 

assesses our ability to recognise letters of varying sizes at the higher spatial frequency 

range and 100% contrast (Richman et al. 2013). This explains why VA is unaffected if 

higher spatial frequency processing is spared in ocular disease. Kleiner et al. (1988) 

found a loss of contrast sensitivity at high spatial frequencies in patients with drusen, 

with Mei and Leat (2007) finding  a shift in the peak of the CSF to lower spatial 

frequencies in AMD patients, in addition to a reduction in contrast sensitivity at all 

spatial frequencies examined. This said, if target contrast is high enough a deficit in 

visual function will remain undetected, so it is unsurprising that high-contrast visual 

acuity remains intact in some AMD cases where contrast sensitivity is reduced.   

 The Pelli-Robson chart (Pelli et al. 1988, fig. 2.3) is the most commonly used 

device for measuring contrast sensitivity in low vision practice (Crossland 2004). Letters 

of a constant spatial frequency but decreasing contrast in letter triplets are presented to 

patients at 1 m and contrast sensitivity is recorded as the triplet of lowest contrast that 

patients have read two out of three letters correctly. The chart has been proven to 

produce reliable and repeatable measurements (Elliott et al. 1990), yet letter legibility 

depends on the triplet considered with the probability of correctly identifying two out of 

three letters ranging between 67 – 97%  (Elliott et al. 1990). Nonetheless, the Pelli-

Robson test is also the chart of choice when contrast sensitivity is examined as an 

outcome measure in research studies.  
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- Figure 2.3: Pelli-Robson contrast sensitivity chart. Image adapted from Precision 

Vision (2020). 

 

 There appears to be some debate in the value of contrast sensitivity as a 

functional biomarker of AMD. Feigl et al. (2005) did report a significant reduction in 

Pelli-Robson contrast sensitivity in participants with early AMD compared to healthy 

controls, this was not replicated in later work by Owsley et al. (2015). While both groups 

used the AREDS grading scale to classify AMD, Owsley and colleagues included a larger 

sample (eyes tested: 1007 controls and 253 early AMD vs 13 controls and 13 early 

AMD), and also included late aAMD in their participant cohort (AREDS grade 4 in 

addition to grades 2 and 3 included by Feigl et al.) Other studies have found contrast 

sensitivity to be less effective in detecting functional deficits in early and intermediate 

AMD compared to other visual function measures including VA measured using the 

Moorfields Acuity Chart (Pondorfer et al. 2020) mesopic and scotopic microperimetry 

and rod-mediated dark adaption (Chandramohan et al. 2016; Owsley et al. 2016b; 

Pondorfer et al. 2020). Cacho et al. (2010) showed a significant correlation between 

Pelli-Robson contrast sensitivity and reading speed in participants with long-standing 
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AMD. However, those with very poor contrast sensitivity were able to read smaller print 

than expected, suggesting that near visual acuity or central scotoma size were better 

indicators of reading performance. In spite of contrast sensitivity being a very useful and 

clinically meaningful test in low vision clinics, it seems unlikely to be a primary 

functional endpoint in AMD.  

 

2.2.4 – Near visual acuity  

Given that AMD affects the macula resulting in central vision loss, it would follow that 

reduced near visual acuity (NVA) is expected in the disease. In contrast to DVA where 

rows of single letters are presented, NVA or reading charts usually consist of sentences 

or sets of unrelated words presented at a close working distance (Bailey and Lovie-

Kitchin 2013). It is well established that the two tasks are distinctly different, with NVA 

presenting greater complexity since reading words requires additional functional and 

motor skills including comprehension and the ability to make accurate saccades (Brown 

et al. 2009). Although a linear relationship is thought to exist between DVA and NVA in 

healthy observers (Bailey and Lovie 1980), this appears not to be the case for patients 

with AMD. Kitchin and Bailey (1981) found NVA to be significantly worse than 

expected from measured DVA, irrespective of acuity level (average 0.3 log unit 

difference) in 15 AMD patients. Furthermore, Muldrew et al. (2003) found the largest 

difference between distance and near acuity when DVA was mid-range (0.90 logMAR), 

reporting NVA to be 3.76 lines worse than DVA on average in 469 participants with an 

AMD diagnosis in one or both eyes. More recently, Cacho et al. (2010) established a 

significant linear relationship between distance and near visual acuity (Pearson’s r = 0.71, 

P<0.0001), but NVA was worse than DVA, with a variable difference between the two 

measures evident (range: -0.30 to 0.49 logMAR).  
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 Akin to DVA and contrast sensitivity, NVA is a core measurement acquired in 

low vision clinics to appreciate the effect visual impairment has on the patient and to 

guide the selection of appropriate low vision aids. The Bailey-Lovie near-word chart 

(Bailey and Lovie 1980, fig. 2.4) is the most frequently used NVA test (Hazel et al. 2000; 

McClure et al. 2000; Culham et al. 2004; Cacho et al. 2010), measured at a working 

distance of 25 cm (with a +4.00 DS reading add if required) and capable of measuring 

near vision ranging from 10M (N80) – 0.25M (N2). Unrelated words are employed to 

eliminate contextual cues and acuity overestimation. Other near vision charts are 

available, each with differing methods and designs for measuring NVA, including the 

continuous reading Minnesota Low-vision Reading Test (MNREAD) charts (Legge et al. 

1989; Mansfield et al. 1993; Ahn et al. 1995), Radner charts (Radner et al. 1998) 

consisting of various sentences, Landolt rings and number options and Lighthouse Near 

Visual Acuity Test (LNVAT; Lighthouse International) which are single letter 

recognition charts. 

 

- Figure 2.4: Bailey-Lovie word-reading chart. Image from Bailey and Lovie (1980). 

  

 In terms of evaluating NVA as a potential functional endpoint in AMD, NVA 

tends not be of particular interest with DVA remaining the test of choice with respect to 
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acuity measurement (Rodrigues et al. 2016; Finger et al. 2019; Wu et al. 2019). Hazel et 

al. (2000) found NVA in the better eye of 28 patients with macular disease (AMD: 

n=16) to be significantly correlated with vision-related quality of life (VRQoL) and 

perceived reading performance. NVA has been reported as accurate indicator of visual 

disability in macular degeneration but did not come out on top, with reading index 

(reading speed as a function of print size) recommended as a useful predictor of ability 

to complete daily living tasks (McClure et al. 2000). Furthermore, in an interesting study 

examining macular scotomas as well as preferred retinal locations (PRLs) and the effect 

these features have on reading, NVA was unsurprising significantly different in 

comparison to controls, but did not change significantly depending upon different 

scotoma characteristics (Fletcher et al. 1999). In summary, NVA is a valuable means of 

determining visual function in AMD, but in combination with other clinical tests rather 

than a sole measure.  

 

2.2.5 – Reading speed 

Reading is often the ultimate goal for patients affected by low vision (Elliot et al. 1997; 

Crossland et al. 2007; Macnaughton et al. 2019). Although NVA is essential to work out 

what level of magnification is required for the desired reading material, surrogate 

measures of scanning rate including reading speed and an assessment of the number of 

words correctly read are better indicators of reading performance (Hogg and 

Chakravarthy 2006a).  In a study aimed at determining clinical predictors of reduced 

reading speed,  51% of participants with the lowest reading speeds had AMD (Legge et 

al. 1992). The group highlighted that individuals with small central scotomas may not 

demonstrate reduced reading rate, so whilst central vision loss may not indicate low 
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reading speed, the majority of poor readers have central vision loss (Legge et al. 1985; 

Legge et al. 1992).  

 Reading speed is usually measured as the time taken to correctly read aloud a 

certain number of words that are either unrelated or within a sentence without skipping 

(Legge et al. 1992; Whittaker and Lovie-Kitchin 1993; Trauzettel-Klosinski et al. 2012). 

It is usually calculated in words per minute. A range of materials with varying tasks are 

available to measure reading speed, with many of the NVA charts validated for the dual 

purpose of measuring both acuity and reading speed, including the Bailey-Lovie (Bailey 

and Lovie 1980), MNREAD (Legge et al. 1989; Mansfield et al. 1993; Ahn et al. 1995) 

and Radner (Radner et al. 1998; Radner et al. 2002) reading charts. Specifically for 

macular degeneration patients who were previously reading well before acquiring a 

central scotoma, Baldasare et al. (1986) developed the Visual Skills for Reading Test 

(Pepper Test). Designed to measure word or letter recognition and navigation skills 

without reading cues rather than magnification requirements, a range of reading 

materials are used including spaced-out and crowded letters as well as unrelated words 

arranged separately or in paragraphs (Rubin 2013). Another useful measure of reading 

speed is to assess the smallest print size at which maximum reading speed can be 

obtained, known as critical print size (Mansfield and Legge 2007). With the view that 

paragraphs obtain a smaller error of reading time measurements and a more reflective 

assessment of daily task reading, a set of standardised texts validated for use in various 

languages, known as the International Reading Speed Texts (IReST), were more recently 

developed (Hahn et al. 2006; Messias et al. 2008; Trauzettel-Klosinski et al. 2012).  

 Similarly to NVA, reading speed is a vital element of assessing and monitoring 

reading performance in low vision care, but may be less relevant when visual function 

across the macula or structure-function relationships need to be established in research 

studies. That said, in some research trials reading speed is included as an outcome 
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measure. For example, in a trial of photodynamic therapy for nvAMD, reading speed 

was reported to correlate with absolute but not relative scotoma size measured using a 

scanning laser ophthalmoscope (Ergun et al. 2003). Moreover, after patients with 

nvAMD received macular translocation surgery in an attempt to improve visual function, 

reading speed in addition to distance and near acuity significantly improved 12 months 

post-surgery (Mruthyunjaya et al. 2004). Reading speed has also been used to examine 

the effect of biofeedback training with MAIA microperimetry, in helping patients with 

AMD make better use of eccentric viewing and PRLs (Daibert-Nido et al. 2019).  

 

2.2.6 – Amsler chart 

Metamorphopsia is a symptom often reported by patients with maculopathies including 

age-related macular degeneration, defined as the deviation of vertical or horizontal lines 

causing them to appear wavy or distorted (Amsler 1953). Two forms of this symptom 

exist, namely (i) micropsia, causing horizontal or vertical lines to curve inwards towards 

a central point and objects to appear smaller, and the rarer form (ii) macropsia, where 

lines curve outwards relative to a central point and result in a larger appearance of 

objects (Amsler 1953). Patients with AMD may complain of metamorphopsia due to 

structural disturbances to the retinal structure at the macula. More recent work has 

however challenged this view, suggesting that disruptions to cortical processing may also 

play a role in metamorphopsia  (Wiecek et al. 2015).  

 AMD patients are advised to undertake home monitoring of their condition and 

present for review if acute changes are noted (National Institute for Health and Care 

Excellence 2018). Any new symptoms or changes to current ones such as the emergence 

of blurred or grey patches or gaps in their vision, straight lines appearing wavy or 

distorted, and objects appearing smaller than normal should warrant an immediate visit 
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to their optometrist (National Institute for Health and Care Excellence 2018). These 

symptoms are vital to be investigated if reported, as they may suggest the development 

of neovascular changes and requirement of anti-VEGF treatment. 

 To undertake home monitoring, patients have been given an Amsler grid 

(Amsler 1947) and advised to perform the test monocularly, each night or weekly. The 

Amsler grid was first developed in 1947 by Marc Amsler, to detect and record 

metamorphopsia and relative scotomas due to the poor sensitivity of kinetic perimetry in 

doing so (Amsler 1947). The conventional Amsler chart consists of a white grid on a 

black background with a central fixation spot. The test is carried out monocularly at 28 – 

30 cm with appropriate near correction and room lights on, and the patient is instructed 

to fixate steadily on the central spot while asked a series of structured questions to 

determine if any distortion or gaps in the grid are present. At this test distance, the grid 

measures the central 20° of the central visual field. There are six other variations of the 

Amsler chart which can be chosen as appropriate, such as chart three which presents a 

red instead of a white grid which is thought to be useful in toxic amblyopia and optic 

neuritis (Elliott 2013). Figure 2.5. shows an example of an Amsler Grid (A) and 

distortion which may be perceived by patient with AMD (B). 

 

- Figure 2.5: Amsler grid examples. (A): normal appearance, (B) distortion and relative 

scotoma. 

A B
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 Although still regularly performed and distributed in clinical practice, significant 

limitations of the Amsler charts have been highlighted in the literature. Schuchard (1993) 

reported the Amsler chart to exhibit a poor test sensitivity in comparison to fundus 

perimetry (see chapter 3) where only 56% of perimetric defects were detected using the 

Amsler chart. In another study, metamorphopsia was detected in 30% of patients with 

choroidal neovascularisation and 9% of patients with geographic atrophy using the 

Amsler chart (Loewenstein et al. 2003). Crossland and Rubin (2007) highlighted that in 

spite of the Amsler grids being quick to use and easily understood by patients, the high 

false negative rate produced necessitates great care in interpreting the results. The 

optometric professional body have now advised that Amsler charts may form part of 

patient’s self-monitoring, but should be used with caution and environmental cues such 

as door or window frames becoming distorted may be more useful (The College of 

Optometrists 2018). 

 In a bid to find a more suitable method for the detection of metamorphopsia 

and scotomas in AMD, other tests have been proposed and investigated. The 

Preferential Hyperacuity Perimeter (PHP) requires patients to report any distortion in a 

vertical dotted lines as they move across a computer screen (Loewenstein et al. 2003). 

While the PHP has an improved sensitivity in comparison to the Amsler grid, it 

demonstrated poor specificity with 18% of controls generating positive results 

(Preferential Hyperacuity Perimeter (PHP) Research Group 2005). A more successful 

development is scanning laser entoptic perimetry. Trialled in patients with various 

macular and peripheral conditions including AMD, a scanning laser device is used in 

combination with a virtual retinal display to present a randomly moving field of pixels 

where scotomas are perceived as static areas within the stimulus (Plummer et al. 2000). 

In a study examining 91 patients with AMD in one or both eyes, scanning laser entopic 

perimetry correctly identified scotomas in 82% with a specificity of 100% (Freeman et al. 
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2003). Although promising, the use of scanning laser ophthalmoscopy to visualise the 

fundus whilst measuring contrast thresholds at precise retinal locations known as 

microperimetry or fundus controlled perimetry (FCP) has proven much more successful 

in the accurate measurement of scotomas along with other useful parameters. This is 

described in detail in chapter 3.  

 The ease of using the Amsler grid at home to encourage self-monitoring in 

patients with AMD is likely contributing towards its continued use, in spite of the 

inaccurate results produced. This said, some research groups are focussing on using 

technology to enable simple and fast daily measuring of macular function at home. A 

tablet-based test that measures macular sensitivity was shown to be comparable to 

microperimetry (Adams et al. 2018). The ForeseeHome is a promising self-monitoring 

device, that enables quantification and comparison of macular function over time 

through the collection of hyperacuity measurements when used regularly (Chew et al. 

2014a; Chew et al. 2016). Economic factors and feasibility of providing sufficient 

support for older individuals affected by AMD to help them use this novel technology 

are challenges that may limit the use of self-monitoring devices.  

 

2.2.7 – Dark adaptation 

As previously discussed in section 1.5.2, it is well established that both normal aging 

(Curcio et al. 1993) and age-related macular disease (Curcio et al. 1996) appear to initially 

target rod photoreceptors, and cones later. Not only does this reduce sensitivity in 

scotopic and mesopic conditions, but also hinders the efficiency of replenishing 

retinoids to rod outer segments after exposure to bright light (Lamb and Pugh 2004), 

resulting in reduced ability to adapt to dim lighting conditions (Jackson and Owsley 

2000; Owsley et al. 2001). 
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 In studies of patients with early AMD and good BCVA, complaints of both 

poor vision in scotopic or mesopic conditions, in addition to difficulties in changing 

light conditions are commonly reported (Steinmetz et al. 1993). For these reasons, dark 

adaptation has been proposed as a disease biomarker for early AMD. In interesting work 

by Owsley and colleagues (2016), participants with no AMD but delayed rod-mediated 

dark adaptation at baseline were almost twice as likely to develop AMD in that eye at 

follow-up three years later, compared to those with normal dark adaptation at baseline. 

In a later study examining participants both with (n=31) and without (n=34) AMD over 

a four year period, eyes with shorter baseline dark adaptation times (Rod Intercept Time 

[RIT] <15 mins) seemed to maintain these over the study period, in contrast to those 

with longer baseline times who had a higher prevalence of longer adaptation times at 

four years (Chen et al. 2019, fig. 2.6). Additionally, dark adaptation times were found to 

be longer with increasing AMD severity, and also with the presence of reticular 

pseudodrusen (Chen et al. 2019), in agreement to their earlier work (Flamendorf et al. 

2015).  
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- Figure 2.6: Rod Intercept Time (RIT) at baseline visit compared to four years later in 

participants with a range of AMD severities. RIT represents the time taken (minutes) for 

rod photoreceptor sensitivity to recover by 3 log units or until maximum testing time of 

40 minutes is reached.  Data points with greater baseline RIT are farther from diagonal 

showing increased RIT compared to eyes with lower baseline RITs. The dashed line 

represents the RIT test ceiling (40 mins). Points in the shaded region highlight study 

eyes which have a worsening of dark adaptation at four years compared with baseline.  

Figure adapted from Chen et al. 2019. 

 

 Studies have also found measures of dark adaptation to correlate well with 

various morphological features of AMD. Reduced retinal thickness in different 

extremities of aAMD has been found to be significantly correlated with decreased rod-

mediated sensitivity on average, and after a 20 minute period following bleaching of rod 

photoreceptors (Clark et al. 2011). In an intriguing structure-function analysis by Laíns 

10

10
0
0

20

20

30

30

40

40

R
IT
at
B
as
el
in
e
(m
in
ut
es
)

RIT at 4 Years (minutes)



 Chapter Two 47 
	

and colleagues (2017), significantly delayed rod-mediated dark adaptation was observed 

where the stimulus fell on damaged locations and in regions surrounded by damage.   

 The most commonly used device for dark adaptation testing reported in the 

literature, is the AdaptDx dark adaptometer (MacuLogix, Middletown, PA). Patients are 

asked to fixate on a central red target whilst a bright bleaching stimulus is initially 

presented, with contrast thresholds then being measured (4° diameter, green spot, [0º,-

5°]) every minute over a 20 minute period (Jackson and Edwards 2008). The AdaptDx 

has been demonstrated to produce dark adaptation measurements within 20 minutes, of 

a high sensitivity (90.6%) and specificity (90.5%) in the detection of altered dark 

adaptation caused by AMD compared to controls, in contrast to other protocols lasting 

up to 60 minutes or more (Jackson et al. 2014).  

 

2.2.8 – Photostress recovery 

In addition to dark adaptation, photostress recovery (PSR) is capable of evaluating the 

regeneration of photopigment and therefore indicating the integrity of the RPE-

photoreceptor complex (Shapiro 2016).  It is however, a measure of cone function and 

recovery rate, rather than rod photoreceptors.  

 Originally designed to differentiate between optic nerve and macular disease, the 

PSR test involves BCVA measurement of the test eye, exposure to bright light for 10 

seconds to cause photopigment bleaching of greater than 95% whilst the fellow eye is 

occluded, and re-measurement of visual acuity over the recovery time until this has 

returned to pre-bleach measurement (Glaser et al. 1977). It was discovered that patients 

with macular disease have a PSR time approximately 1.5-3 minutes longer than those 

without ocular disease, yet patients with optic nerve disease were unaffected by 

photoreceptor bleaching (Glaser et al. 1977). Recent methods for PSR are based on 
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similar testing principles, but present a foveal 2° spot stimulus flickering at 5 Hz with 

recovery time measured at five suprathreshold contrast levels (pre-bleach threshold x3.5, 

x3.0, x2.5, x2.0, x1.5) post bleach exposure (Phipps et al. 2003; Dimitrov et al. 2011; 

Dimitrov et al. 2012).  

 Dimitrov and colleagues found abnormal PSR times in participants with varying 

stages of AMD in comparison to controls (Dimitrov et al. 2008; Dimitrov et al. 2011). 

On this basis, they hypothesised that PSR may be a promising measure for longitudinal 

monitoring of cone dynamics in both clinical practice and clinical trials. In further work, 

it was uncovered that while PSR is a sensitive measure in early AMD, it is comparatively 

poorer at detecting disease progression. Dimitrov and colleagues (2012) suggested that 

dynamic measures of photoreceptor function (both dark adaptation and PSR) become 

abnormal in early disease, with no further deterioration as AMD progresses (i.e., a floor 

effect is reached early in the disease process). Rodriguez et al. (2018) examined PSR in 

eight observers with early AMD (aged 50-90 years), eight young observers (aged 20-20 

years) and nine age-similar observers (aged 50-90 years). Foveal cone thresholds were 

significantly higher in AMD observers compared to all controls. The authors also found 

the time taken for cone sensitivity to recover after photoceptor bleaching to be 

significantly longer in AMD participants compared to both control groups, with this 

difference being greater between young controls and AMD observers. Yet, Rodriguez et 

al. (2018) found no significant difference in cone thresholds after photoreceptor 

bleaching between older controls and AMD participants. Ultimately, PSR appears to 

demonstrate varying degrees of sensitivity to AMD. This may be due to PSR being a 

photopic (cone photoreceptor) measure of macular function, with some groups 

suggesting the test may be improved if performed under mesopic conditions (Rodriguez 

et al. 2019).  
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2.2.9 – Central visual field assessment  

Standard Automated Perimetry (SAP) is a clinical test primarily used in the detection and 

monitoring of glaucoma and neuro-ophthalmic conditions. It requires patients to fixate 

on a central target and indicate through a response button that achromatic spots of fixed 

size (typically Goldmann III [0.43º]) and duration (200 ms) varying in brightness were 

seen. This enables a sensitivity map to be produced for each eye, this then being 

compared with age-matched normative data to identify localised and global visual field 

losses. Although a primary test in glaucoma care, central visual field testing of patients 

with AMD is increasingly being undertaken in both research and clinical settings. Using 

SAP, macular sensitivity is typically measured up to an eccentricity of 10° using the 10-2 

grid with the Humphrey Field Analyzer (HFA, Carl Zeiss Meditec Ltd., USA), in both 

research and hospital-based settings.  

 Mixed findings have been reported on whether SAP is capable of detecting 

functional deficits in AMD, with some groups reporting this is possible (Swann and 

Lovie-Kitchin 1991; Cheng and Vingrys 1993; Midena et al. 1994; Midena et al. 1997), 

while others find no evidence to support this (Atchison et al. 1990; Feigl et al. 2005). 

This said, such results are appear to be dependent upon the severity of AMD 

investigated and the specific structural features present, with the earliest signs of disease 

such as small drusen not producing central sensitivity loss (Atchison et al. 1990; Feigl et 

al. 2005). Tolentino et al. (1994) interestingly reported a significant correlation between 

number of defects found with the HFA macular test and the area of atrophy, but not 

with drusen area.  

 Given evidence of early involvement of the short-wavelength sensitivity (SWS) 

or blue-yellow (B-Y) cone pathway in AMD (Alvarez et al. 1983; Applegate et al. 1987; 

Eisner et al. 1987a; Haegerstrom-Portnoy and Brown 1989; Holz et al. 1995), there has 
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been significant interest in investigation of the use of short wavelength automated 

perimetry (SWAP) as a possible means of earlier detection and better monitoring AMD. 

Remky et al. (2001) found that SWS cone-mediated sensitivity was significantly reduced 

in participants with soft drusen, after age-related reduction in SWS had been accounted 

for. These findings were supported in later work investigating individuals with good 

acuity and hard or soft drusen only, who were found to have an overall reduction in 

SWS cone sensitivity in comparison to age-matched controls, as well as a further SWS 

decrease in macular areas with overlying drusen (Remky and Elsner 2005). Eisner et al. 

(1991) also reported significant reductions in S-cone mediated sensitivity, in addition to 

abnormal dark adaptation, reduced absolute sensitivity and abnormal colour matching, 

in 41 eyes with good visual acuity (≥6/7.5) but drusen and pigmentary changes where 

the fellow eye was affected by exudative AMD. This said, test eyes in males with a high 

risk for AMD progression had significantly worse S-cone-mediated sensitivity than low-

risk eyes in males, but peculiarly this was not the case for women. In total, only 36.6% 

of participants were female indicating that this was not a representative study population 

with reliable results. Sunness et al. (1989) found only a weak association between foveal 

S-cone sensitivity and high-risk features of AMD progression in older participants with 

drusen only compared to younger controls, after consideration of age-related differences.  

Nonetheless, pre-receptor media absorption due to age-related lens yellowing in 

particular remains one of the major problems with SWAP testing (Eisner et al. 1987b; 

Johnson et al. 1988). In comparing SAP and SWAP, Acton et al. (2012) suggested that 

although SWAP found significantly greater reductions in visual field loss caused by 

AMD and was more sensitive to differences in visual field loss as a function of AMD 

severity, SWAP can be limited by high measurement variability and the effects of age-

related media changes that are too difficult to control for in clinical practice, making 

SWAP better suited to research settings.  



 Chapter Two 51 
	

 Other perimetry tests have sparked interest as potentially sensitive measures of 

visual function in AMD. One example is flicker perimetry, which assesses the ability to 

detect alternating light and dark stimuli presented with a specific temporal frequency, 

known as Gaussian blobs (Phipps et al. 2004; Dimitrov et al. 2011; Dimitrov et al. 2012). 

Due to its ability to probe both rod and cone photoreceptor function (either together or 

in isolation), whilst attempting to compensate for eye movements during testing, 

microperimetry has increasingly become a popular choice for examining macular 

sensitivity. This will be described and reviewed in detail in chapter 3. 

 

2.3 – Effect of AMD on quality of life  

As detailed above, there are many aspects of visual function which can become impaired 

due to AMD. As a result, AMD has a damaging effect on many aspects of daily living, 

reducing ability or even making it impossible to perform tasks such as reading, 

recognising faces, watching TV and driving which can lead to poor quality of life (QoL) 

with no intervention (Mitchell and Bradley 2006). Other aspects of health such as self-

care and mental well-being can also be detrimentally affected. The loss of visual function 

attributable to AMD results in very heterogenous effects on QoL but tends to affect 

those diagnosed with the condition in some way (Mitchell and Bradley 2004; Mitchell et 

al. 2005). For example, this can vary with disease severity, personal characteristics and 

lifestyle. It goes without saying that quantification of both vision-related quality of life 

(VRQoL) and health-related quality of life (HRQoL) is important. This is usually 

measured psychometrically, through the administration of questionnaires which are 

reviewed below. 
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2.3.1 – Clinical methods used to quantify QoL 

2.3.1.1 – VRQoL 

In order to assess difficulty with activities that require vision, associated symptoms and 

effect of treatment, VRQoL is frequently measured in patients with AMD. The 25-item 

National Eye Institute Visual Functioning Questionnaire (NEI-VFQ-25) (Mangione et 

al. 2001) is the most commonly used patient-reported outcome measure (PROM) in 

investigating AMD, and has been validated for use in a number of research studies 

including general VRQoL assessment in varying disease stages (Clemons et al. 2003; 

Berdeaux et al. 2005; Orr et al. 2011), with longitudinal AMD progression (Miskala et al. 

2003; Lindblad and Clemons 2005) and anti-VEGF clinical trials (Revicki et al. 2010; 

Jelin et al. 2019). The NEI-VFQ-25 is a shorter version of the original 51-item 

questionnaire (Mangione et al. 1998), designed to reduce administration time whilst still 

providing an effective VRQoL evaluation in areas of near, peripheral and colour vision, 

ocular pain, mental well-being, driving, independence and social limitations (Mangione 

et al. 2001).  Since this questionnaire was designed to be used to measure QoL relative 

to vision in a range of ocular conditions, not all sections are directly relevant to AMD, 

such as eye pain and peripheral vision.  

 An alternative PROM reported to be a valid and reliable method for assessing 

VRQoL in a range of eye conditions and acuity levels, is the Impact of Visual 

Impairment (IVI) questionnaire (Keeffe et al. 1999; Weih et al. 2002; Lamoureux et al. 

2006; Finger et al. 2011). Originally this included 32-items with six response categories 

ranging from “not at all” to “can’t do because of eyesight”, it has since been reduced to 

28-items with four possible answers for each question since significant overlapping at 

the extreme ends of the original six response categories was evident (Lamoureux et al. 

2006). The same three vision-specific sub-scales are employed, (i) reading and accessing 
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information (nine items), (ii) mobility and independence (11 items), and (ii) emotional 

well-being (eight items) (Lamoureux et al. 2007). In recent work by Pondorfer et al. 

(2019), a range of visual function measures, and in particular, MAC visual acuity, were 

found to correlate well with patients affected by early, intermediate and late AMD.  

 AMD particularly causes problems at night and in dim lighting conditions, at all 

disease stages (Steinmetz et al. 1993; Mangione et al. 1999; Scilley et al. 2002). To 

specifically address vision-related problems in AMD under such conditions, Owsley and 

colleagues (2006) developed the Low Luminance Questionnaire (LLQ). Interestingly, 

both NEI-VFQ and LLQ scores have been found to be significantly correlated with 

AMD disease severity and impaired dark adaptation, yet the reduction in LLQ scores as 

a function of AMD disease severity was greater than the reduction in NEI-VFQ scores 

with increasing disease severity (Owsley et al. 2007). Investigating dark adaptation in 

varying stages of AMD, Yazdanie et al. (2017) found reduced mean LLQ scores to be 

significantly related to increased dark adaptation times and choroidal thickness. 

Thompson et al. (2018) also found LLVA and LLD to be significantly associated with 

LLQ scores in patients with early and intermediate AMD. While psychometric measures 

of visual function in low luminance conditions offer a promising method of evaluating 

VRQoL, one can’t ignore that no PROM including LLQ and NEI-VFQ-25, has been 

accepted by regulatory authorities as a clinical endpoint (Finger et al. 2019). A novel, 

validated PROM following existing guidelines from regulatory authorities for use in 

clinical trials is necessary.  

 

2.3.1.2 – HRQoL 

Given that patients with AMD can suffer from significant ocular and systemic co-

morbidities that will influence QoL, potentially confounding the effect of any AMD 
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related QoL changes, other health related questionnaires have been applied in the 

disease. The most commonly used questionnaire to measure HRQoL in relation to 

visual disorders is the EQ-5D (Tosh et al. 2012). This is a five-dimension instrument, 

measuring the impact of health state on mobility, daily activities, pain or discomfort, 

self-care and low mood or anxiety (Devlin and Brooks 2017). The EQ-5D has been 

shown to discriminate health measures related to those with AMD from those without 

the condition, but has not always been able to distinguish between disease stage (Tosh et 

al. 2012). To address this issue, there has been significant interest in the development of 

“bolt-on” items to improve the relevance of the questionnaire to some specific health 

conditions, including visual impairment (Yang et al. 2015; Sampson et al. 2019).  These 

are currently in development but offer a promising resolution to the compromise of the 

EQ-5D design for use in all kinds of health conditions. In conclusion, subjective 

methods of disease impact go hand-in-hand with functional measures, in order to make 

a full evaluation of the effect of AMD, and also in determining the clinical usefulness of 

available tests.  
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3.  Examination of the visual field in AMD 

   

 

3.1  - What is the visual field? 

The visual field has been described as the total area perceived by the eye when fixed in a 

stationary position with the head and body both also being in a steady state (Schiefer et 

al. 2005). The central visual field describes the area extending up to 30° eccentricity from 

fixation, with the macula responsible for the central 10°. In healthy observers, the 

peripheral visual field extends up to 100° temporally, 60° nasally, 60° superiorly and 75° 

inferiorly when measured with a Goldmann size I (GI) stimulus of intensity 4e, using 

Goldmann kinetic perimetry (Spector 1990), illustrated in figure 3.1. The selection of 

stimulus size and intensity affects such measures, with smaller stimuli of lower intensities 

(less visible) producing a smaller visual field area, and larger, brighter stimuli (more 

visible) producing larger values measured (Racette et al. 2019). Kinetic perimetry is 

described in section 3.2.1. The optic nerve results in a small non-seeing area in the 

temporal visual field due to its lack of photoreceptors, known as the physiological blind 

spot. On average, the blind spot is approximately 6° wide and 8° high (Armaly 1969). 

The measured size of the physiological blind spot has been found to be constant 

irrespective of age, but reported to decrease from 6.42° to 5.12° in width and from 9.29° 

to 6.26° in height with an increase in perimetric stimulus diameter from 0.125° to 0.5° 

(Cheung et al. 2005). 

 

  



 Chapter Three 56 
	

 

-  Figure 3.1:  Extent of the visual field expected in a healthy observer, measured with a 

Goldmann size I stimulus of intensity 4e, using Goldmann kinetic perimetry 

(demonstrated for a left eye). 

  

 Across the viewable area of the visual field, sensitivity is not constant as a result 

of the distribution of rod and cone cells that make up the retinal photoreceptor mosaic. 

The retina is dominated with rod photoreceptors, which dramatically increase in density 

with greater visual field eccentricity from the fovea, where the majority of cone 

photoreceptors are concentrated (Fig. 3.2).  

 

-  Figure 3.2:  Average rod:cone ratios with visual field eccentricity along the nasal, 

temporal, superior and inferior meridians at the A: fovea (left), and B: periphery (right). 

Figures adapted from Curcio et al. (1990). 
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 Photopic vision is mediated by cone photoreceptors (see section 1.5.2). For this 

reason, visual field sensitivity peaks at the fovea and gradually decreases towards the 

peripheral retina (Jacobs and Patterson 1985; Henson 2000; Norton et al. 2002). This is 

referred to as the hill of vision, and originates from early work by the Scottish 

ophthalmologist Harry Moss Traquir, who described the visual field as “an island of 

vision or hill of vision surrounded by a sea of blindness” (Grzybowski 2009). The hill of 

vision is also known to vary with adaptation condition. In scotopic conditions (see 

section 1.5.2), only rods are active resulting in a dip in visual field sensitivity encroaching 

fixation. Mesopic vision is mediated by both rod and cone photoreceptors (see section 

1.5.2), resulting in a relatively flat hill of vision (Fig. 3.3).  

 

 

-  Figure 3.3:  Variations in retinal sensitivity at three states of adaptation. Figure 

adapted from: Pashley, JC. Assessment of the visual fields. 1st ed. London: William 

Heinemann Medical Books, 1977. 
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3.2  - Examination of the visual field  

In addition to adaptation condition, the visual field can also be affected by a number of 

factors, including damage by ocular disease such as age-related macular degeneration, 

described in Chapter 2. This chapter will introduce important developments and 

principles of visual field testing which led to the measurement of the central visual field 

with microperimetry in AMD.   

 

3.2.1  - Kinetic perimetry  

Kinetic perimetry describes the measurement of the visual field using kinetic stimuli, 

fixed in area and brightness, moved from non-seeing to seeing areas, with the patient 

reporting when the stimulus first becomes visible. The results are then plotted as 

isopters, which consist of lines indicating areas of equal differential light sensitivity 

(Schiefer et al. 2005). The aim of kinetic perimetry is to measure the hill of vision and 

outline the extent of any visual field defects that an observer may have. While this 

technique is quantitative in that various combinations of stimulus areas and contrast 

levels can be used to measure the contour of the hill-of-vision and depth of scotomas, 

kinetic perimetry is primarily used to screen for gross defects in the far peripheral visual 

field. It can be quickly undertaken in clinical practice using confrontation testing where a 

target (typically a black wand topped with a small red circular target) is moved across the 

visual field and the examiner’s field compared to that of the patient. For example, 

confrontation may be used in neuro-ophthalmology clinics to detect and monitor 

hemianopic defects in conditions such as pituitary adenoma.  

 In 1945, Hans Goldmann developed a hemispherical bowl perimeter that was 

able to perform both kinetic and static perimetry (Johnson et al. 2011). The Goldmann 
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perimeter can present stimuli while maintaining a uniform background luminance. It was 

the gold standard choice for performing perimetry at the time, but was manual and 

required a skilled and experienced perimetrist to carry out (Dersu et al. 2006). Modern 

instruments are also capable of undertaking kinetic perimetry in an automated manner. 

Indeed, a recent study Mönter et al. (2017) highlighted that automated kinetic perimetry 

(Goldmann III 1e stimuli moved at a speed of 5 deg/s along 16 meridians) could 

provide clinically valuable information, revealing that peripheral visual field isopters 

measured with kinetic automated perimetry can be different when the same central 

visual field defects are present with standard automated perimetry (SAP). The authors 

attributed such findings to the ability of SAP to only examine less than 20% of the entire 

visual field.  

 

3.2.2  - Static perimetry  

 In contrast to kinetic perimetry, static perimetry involves the measurement of contrast 

thresholds at pre-defined locations in the visual field using targets of fixed area and 

duration, but variable brightness. Static perimetry is also capable of measuring the extent 

of any visual field defect, but since visual field sensitivity is only measured at pre-

determined locations, kinetic perimetry may be better at defining the borders of a 

scotoma. Nonetheless, more precise quantification of visual field deficits is made 

possible with static perimetry (Zappia et al. 1971; Hudson and Wild 1992; Schiller et al. 

2006).  

 In an attempt to overcome the tedium of manual perimetry and eliminate 

operator error (Trope and Britton 1987), the first automated perimeter known as the 

Octopus was introduced (Fankhauser et al. 1977). SAP is now the most commonly used 

static automated strategy, and describes the measurement of contrast thresholds at 
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specific locations in a standardised test grid using stimuli of a specific area and duration. 

The Humphrey field analyser (HFA, Heijl 1985) has now become the most popular 

device choice for performing SAP, and is widely used in hospital eye services (HES) for 

monitoring of the visual field in glaucoma patients, in addition to other forms of ocular 

disease.  

 Interestingly, coinciding with the development of SAP was that of 

microperimetry. The first commercially available microperimetry device was developed 

in 1982 (Van de Velde et al. 1990), relatively soon after the Octopus. The history of 

microperimetry will be discussed in detail in section 3.3.2. Furthermore, the choice of 

stimulus parameters and threshold algorithms was based upon those used in SAP and 

earlier kinetic perimetry (International Council of Ophthalmology 1979). The Humphrey 

10-2 grid designed to examine the central 10° of the visual field in more detail is also 

available in many of the microperimetry devices, allowing for useful comparisons 

between SAP and microperimetry when desired.  

 

3.2.2.1 - SAP stimulus parameters  

During SAP, stimuli of varying contrast but fixed area and duration are presented to 

patients in order to determine the lowest contrast stimulus they can possibly see at a 

particular location. In other words, we wish to compute contrast thresholds at specific 

locations in the visual field for stimuli of known area and duration. In addition to 

background luminance of the perimeter, the arbitrary choice of stimulus parameters 

including area and duration is important since both affect the dynamic range of the 

instrument (Wild 1988) and therefore the available range of stimulus contrast levels that 

can presented to the patient.  
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 In the development of his hemi-spherical bowl perimeter, Goldmann introduced 

the use of standardised stimuli of known size (O-V). Goldmann size I-V are still used in 

kinetic and static perimetry today, the dimensions of which are shown in figure 3.4. 

Interestingly, when describing the reasoning behind the use of these stimuli he 

highlighted the dynamic nature of the integrative power of the healthy retina, and 

mentioned that it is influenced by stimulus area and adaptation condition (Goldmann 

1945; Goldmann 1999). However, this school of thought has appeared to have been lost 

in the development of the first commercially available static perimeter, when engineers 

decided to use a stimulus of fixed size and greater range of contrasts, with the 

Goldmann size III (GIII) becoming the standard stimulus for use in SAP (Swanson 

2013).  

 

- Figure 3.4:  Goldmann stimulus sizes used in kinetic and standard automated 

perimetry.  
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 Currently, the duration of stimuli used in SAP is fixed at either 100 ms (Octopus) 

or 200 ms (Humphrey). Defined within the Imaging and Perimetry Society perimetric 

standards (International Council of Ophthalmology 1979), stimulus duration was chosen 

based upon the value of critical duration thought to be approximately 100 ms across the 

visual field, beyond which contrast threshold is thought to be independent of stimulus 

duration (see chapter 6). This particular stimulus duration also considers the minimum 

velocity of voluntary saccadic eye movements (~200 ms), in order to help reduce fixation 

instability from the central target (Wild 1988). In a similar manner to the HFA, a 

stimulus duration of 200 ms is also typically used in conventional microperimetry testing 

(background luminance: 1.27 cd/m2, GIII stimuli, dim room illumination – see section 

3.3.1). 

 Although there has been some scientific basis for the choice of stimulus 

parameters in perimetry, doubt about the appropriateness of a conventional GIII 

stimulus of duration 200 ms has come into question in recent years. Important laws that 

govern stimulus detection will be discussed in detail in Chapters 5 and 6. Briefly, the 

collection of light energy over both space and time (spatial and temporal summation 

respectively) plays a pivotal role in the determining the contrast threshold measured for 

a given stimulus (Wild 1988; Anderson 2006). Yet, the selection of the GIII stimulus as 

standard for all patients in perimetry testing shows little regard for this understanding. 

Anderson (2006) highlighted that a loss of greater than 60% of retinal ganglion cells in 

glaucoma is required to produce perimetric sensitivity losses and suggested that stimuli 

scaled to account for localised changes in spatial summation with background luminance, 

eccentricity and stimulus chromaticity (see chapter 5) could improve detection of 

ganglion cell drop out in glaucoma. This concurs with work by (Redmond et al. 2010a) 

who found spatial summation to enlarge as part of a noise-compensatory mechanism in 

glaucoma. Later work by this group demonstrated that stimuli modulating in line with 
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spatial summation changes in glaucoma were more sensitive to glaucomatous damage 

without this benefit being lost in measurement noise (Rountree et al. 2018). We now 

understand that temporal summation also increases in glaucoma and stimuli modulating 

in area and/or duration as well as contrast could detect greater damage in glaucoma 

(Mulholland et al. 2015b). 

 Work by Wall and colleagues (2013) suggested that test repeatability with SAP in 

glaucoma could be improved using a Goldmann size V instead of size III stimulus. 

Although understandable given what we know about the behaviour of spatial 

summation in glaucoma, simply using a bigger stimulus still ignores the value of a scaled 

stimulus and the fact the spatial summation changes across the test grid with increasing 

visual field eccentricity and with advancing disease. Additionally, this finding may be 

related to the greater log energy steps for decibel (dB) luminance changes with a larger 

stimulus compared to a smaller one. It is likely larger stimuli are less variable, but 

perhaps the difference is not as big as suggested by Wall et al. (2013). 

 Little is known about the characteristics of spatial and temporal summation in 

age-related macular disease (Chapters 5 and 6). Should these change as a result of 

damage caused to the visual system, this will have implications on the optimum choice 

of stimulus parameters for central visual field testing in AMD, including microperimetry. 

In this thesis we wish to identify the optimal spatial and temporal stimulus 

characteristics for the detection of AMD using microperimetry (see section B).  

 

3.2.2.2 - Thresholding strategies  

Different methods for measuring contrast thresholds are applied in SAP. This is 

dependent upon the clinical reason for performing the visual field test, with screening 

tests using less precise algorithms compared to more detailed assessments of the visual 
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field.  A full threshold strategy is chosen when more precise measurement of contrast 

thresholds at specific locations across the field are needed. This may be done through 

plotting the relationship between the probability of seeing a stimulus against a certain 

stimulus parameter such as area or contrast, known as a frequency-of-seeing curve or a 

psychometric function (fig. 3.5A). Stimuli (bins) above and below the assumed threshold 

within a fixed range of contrast levels are randomly presented and can be plotted as the 

percentage of stimuli seen against contrast threshold. This is referred to as the method 

of constant stimuli (MOCS). For a Yes-No task as is undertaken in clinical perimetry 

threshold is taken as the contrast where 50% of the stimuli were detected (Cornsweet 

1962, fig. 3.5A). The variability of threshold measures can also be taken from the slope 

of the psychometric function at the 50% seen point. 

 

- Figure 3.5:  Estimation of contrast thresholds. A: Method of constant stimuli. The red 

dashed line indicates contrast at which 50% of the stimuli were seen; threshold. B: 4-2 

adaptive staircase. 
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Another abridged method for contrast threshold measurement entails the adjustment of 

stimulus contrast by a pre-determined amount according to the previous response (i.e., 

an adaptive algorithm). If a stimulus is unseen the brightness is increased, and decreased 

if the stimulus is seen. This process can be likened to going up or down a staircase, 

hence the term ‘staircase’ or ‘up/down’ method. When the response has changed from 

an ‘unseen’ to a ‘seen’ response or vice versa, a reversal is registered, with each staircase 

terminating after a certain number of reversals have occurred. A ‘4-2’ strategy that 

terminates after two reversals is popular for use in SAP and microperimetry testing 

(Denniss and Astle 2016b; Jolly et al. 2017; Matsuura et al. 2018). Stimulus contrast is 

adjusted by 4 dB until the first reversal, after which contrast is altered by 2 dB until the 

final reversal has been reached (Fig. 3.5B). The absolute value representing threshold is 

calculated differently subject to the perimetry device. Threshold can be reported as the 

final ‘seen’ response as with the Humphrey or as the mean of the last ‘seen’ and ‘unseen’ 

responses as with the MAIA microperimetry device (Csaky et al. 2019). The various 

microperimetry instruments will be discussed later in this chapter (section 3.3). 

Moreover, the staircase method is typically used with a ‘yes/no’ paradigm. Observers are 

asked to press a button to indicate they have seen the stimulus on presentation, and 

therefore indicate their judgement of whether a stimulus was present by pressing a 

response button. This method is typically used in SAP and microperimetry devices, and 

is employed in all studies throughout this thesis (see section B). Other threshold 

strategies or methods of reducing test time are available, such as the ‘four levels fixed’ or 

4LF offered by the MAIA microperimetry where only four contrast levels are tested (0 

dB, 5 dB, 15 dB, 25 dB) (Centrevue 2013). The Nidek MP-1 and MP-3 microperimeters 

offer a 4-2-1 strategy (Nidek Technologies Srl. 2013; Nidek Co. 2020) which includes an 

additional reversal, whereby contrast is adjusted by 1 dB after two reversals have 

terminated and before threshold is ultimately calculated.  
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 Finally, to obtain a rapid screening assessment of central visual field sensitivity a 

suprathreshold strategy can be chosen. Stimuli are presented which are expected to be 

detected by the observer (based upon patient age and a normative database [age-related] 

or threshold measures from seed locations [threshold-related]) and are simply registered 

as ‘seen’ or ‘unseen’. In SAP with the HFA, a starting luminance of 5 dB above the age-

normal threshold is initially presented. With the MAIA, only contrast levels of 25 dB 

and 27 dB are presented. 

 

3.3  - Microperimetry   

Microperimetry, also termed fundus perimetry (Inatomi 1979), fundus-controlled (Kani 

and Ogita 1979), landmark-driven fundus perimetry (Sunness et al. 1995b) or fundus-

related perimetry (Crossland et al. 2012a), is an alternative method for measuring 

sensitivity across the visual field. It was originally developed to overcome the issues with 

precisely mapping scotomas to their corresponding retinal locations in patients with 

macular disease (Timberlake et al. 1982). Microperimetry has evolved much since its first 

inception, having multiple clinical applications and a variety of devices available to 

perform the technique. The following chapter sections will describe in-depth what a 

microperimetry examination involves, device history to date and a comprehensive 

review of the literature of studies which have included microperimetry as a functional 

outcome measure, primarily in relation to AMD.   

 

3.3.1  - What is microperimetry? 

Microperimetry permits the measurement of retinal sensitivity at pre-determined test 

locations, with simultaneous viewing of the fundus (Rohrschneider et al. 2008; Midena 
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and Pilotto 2017). A retinal sensitivity map is produced, enabling relationships between 

retinal features of macular disease and overlying functional measures to be established 

(Fig. 3.6).  

 

- Figure 3.6:  A: Spectral-domain optical coherence tomography (SD-OCT) image of an 

eye with early AMD. B: MP-1 microperimetry sensitivity measurements for a 10-2 test 

grid superimposed on a colour fundus photo. The white line corresponds to where the 

OCT scan was taken. Figure adapted from Acton et al. 2013. 

  

 Quantification of visual field defects is notoriously difficult in patients with 

central scotomas related to macular disease, owing to unstable or eccentric fixation as a 

result of damaged foveal function (Midena et al. 2007, Crossland et al. 2012). 

Microperimetry helps to resolve this issue, through the addition of a gaze-contingent 

element to the test. Retina or eye-trackers are used to monitor the location of a chosen 

reference retinal feature, such as the optic disc or blood vessels (or each pixel in the 

image in more modern devices), and automatically calculates the corresponding stimulus 

location depending upon any change in position of the reference feature, typically at a 

rate of 25 Hz (Molina-Martín et al. 2018). Before this process became automated, the 

operator was required to manually select the new position of the reference landmark 
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whilst observing the fundus in real-time to signal eye movement and correct stimulus 

location (Sunness et al. 1995b). Fundamentally, fixation losses are compensated for and 

stimuli are projected to the intended visual field location (Fig 3.7). 

 

- Figure 3.7:  Gaze-contingency in microperimetry: (A) Image before stimulus is 

presented. The white spot indicates the location to be tested, and the c-shaped area 

surrounded by the dotted line represents the patient’s scotoma. The central red cross is 

the fixation target. Blue crosses indicate the retinal landmarks selected by the operator, 

and the grey square is view seen in the microperimeter. (B) At the time of testing, the 

patient looks away from the central target, and retina in view is shifted downwards. (C) 

The stimulus position is corrected, by the same amount the patient has looked away 

from the fixation target, shown by the blue arrow. Diagram adapted from Sunness et al. 

(1995).  

 

 The ability to accurately correlate functional measurements with scotoma 

location is also especially important when the patient is not employing foveal fixation. It 

is widely accepted that individuals with AMD may use a more healthy peripheral retinal 

location to fixate, often on the borders of the scotoma, when the fovea has become 

damaged (von Noorden and Mackensen 1962; Timberlake et al. 1986; Sunness et al. 

1995a), now referred to as the preferred retinal location (PRL) (Whittaker et al. 1988; 

A B C
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Crossland et al. 2005; Schuchard 2005). More than one PRL may exist (Crossland et al. 

2004b), with the patient potentially swapping between these depending upon target 

illumination (Lei and Schuchard 1997) and task type (Duret et al. 1999, Déruaz et al. 

2002, Crossland et al. 2011). Measurement of the PRL is possible with a variety of 

instruments, with some offering biofeedback technology as a form of visual 

rehabilitation to train patients in finding the best possible PRL for optimum visual 

function in macular disease. Although different rehabilitation periods have been trialled 

in different research studies, significant improvement in visual acuity, retinal sensitivity, 

fixation stability and reading speed have been seen in AMD patients after training 

(Vingolo et al. 2009; Amore et al. 2013b; Ramírez Estudillo et al. 2017). 

 Microperimetry also permits the ability to monitor and measure how stable a 

patient is fixating on the central target. This is important, since poor fixation stability can 

result in variable contrast threshold measurement in both healthy (Vingrys and Demirel 

1992; Hirasawa et al. 2016; Jones et al. 2016) and diseased visual systems (Leibowitz and 

Appelle 1969; Ishiyama et al. 2015). Microperimetry attempts to improve accuracy and 

reliability of contrast threshold measurements by adjusting stimulus position according 

to eye movements. Quantification of fixation stability also helps to better understand 

fixation in patients with AMD, since this can impact their ability to undertake daily living 

tasks, particularly reading (Crossland et al. 2004, Déruaz et al. 2004, Midena et al. 2004, 

Amore et al. 2013). It should be noted whether fixation is measured for a static target 

over a defined test period, or during the microperimetry examination since this can 

markedly affect fixation stability (see chapter 12).  

 All micorperimeters offer grading of fixation stability using the Fujii 

classification system (Fujii et al. 2002). This labels fixation as ‘stable’ if more than 75% 

of fixation points are located within a 2° diameter circle fixed on the barycenter of all 

fixation points (i.e. the PRL), ‘relatively unstable’ if fewer than 75% of fixation points 
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are outside of the 2° circle but fall within a 4° diameter circle, and ‘unstable’ if less than 

75% of fixation points are found to be within the 4° circle (Fujii et al. 2002). Although a 

simple method of measuring fixation stability, its clinical significance is questionable. It 

has been reported to relate poorly to various parameters of reading, including reading 

speed and critical print size (Crossland et al. 2009) and does not account for the 

multimodal trends of fixation characteristics such as having multiple PRLs (Tarita-

Nistor et al. 2008) in patients with AMD. Furthermore, the Fujii classification does not 

reflect the typical elliptical pattern of fixation (Sansbury et al. 1973). 

 A quantitative and more sensitive measure of fixation instability is the bivariate 

contour ellipse area (BCEA) (Crossland et al. 2009, Amore et al. 2013, Morales et al. 

2016). This describes the elliptical area over which the eye is fixating for a chosen 

percentage of the trial period (probability area), and is typically calculated using methods 

described by Steinman (1965) (see section 4.2.1). A smaller BCEA represents more 

precise fixation, whereas larger values indicate that the eye is wondering more away from 

said fixation target. Using a microperimeter for an isolated fixation test on 1-3° circle or 

cross targets (not during microperimetry examination), mean values of 68% BCEA have 

varied between 201-1614 min arc2 for control participants without eye disease 

(Crossland et al. 2004c; Dunbar et al. 2010), and 8,100-138,000 min arc2 for participants 

with AMD (Crossland et al. 2004c; Crossland et al. 2009). BCEA has become the most 

commonly used and accepted method for quantification of fixation stability (Crossland 

et al. 2004, 2009, Pearce et al. 2011, Tarita-Nistor et al. 2011, 2017, Mandelcorn et al. 

2013). Nonetheless, all micorperimeters can display both Fujii classification and BCEA 

as indices of fixation stability, except for the OCT/SLO (Optos Plc., Dunfermline, UK) 

which will not automatically determine BCEA but does record eye position data 

throughout the test allowing post-hoc calculation. The various types of microperimetry 

devices will be reviewed in section 3.3.2.  
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 Microperimetry is typically performed with GIII, 200 ms achromatic spot stimuli, 

presented on a mesopic background luminance of 1.27 cd/m2 (4 asb). Some devices can 

also operate in photopic conditions, where a background illumination of 10 cd/m2 (31.4 

asb) can be chosen. Others have a fixed background of 10 cd/m2  including the 

Compass fundus perimeter (CenterVue, Padova, Italy), but this is primarily directed for 

use in the detection and monitoring of glaucoma (Rossetti et al. 2015). Mesopic 

microperimetry is thought to be particularly advantageous in measuring functional 

deficits in patients affected by AMD, since mesopic conditions should probe both rod 

and cone function which ultimately both become impaired in later disease, with rod 

photoreceptors likely being affected first (Curcio et al. 1996; Owsley et al. 2000). 

Interestingly, Crossland et al. (2012) found conventional mesopic microperimetry to be 

mainly photopic and cone-mediated, in comparison to dark-adapted microperimetry 

which was truly mesopic and generated both rod and cone photoreceptor responses. 

Throughout the literature, some studies report a period of adaptation to the mesopic 

test conditions prior to participants performing microperimetry (Varano and Scassa 

1998; Midena et al. 2007b; Acton et al. 2012b; Nebbioso et al. 2014; Jolly et al. 2017; 

Vujosevic et al. 2017; Sallo et al. 2018; Yusuf et al. 2018). The reasoning behind this is 

thought to be due to conventional microperimetry being a mesopic task, with rods 

taking at least 30 minutes to recover maximum sensitivity after bleaching compared to 

cones which can recover in 3-4 minutes (Hecht et al. 1937). However, there is variability 

in the time period chosen for mesopic adaptation by various research groups, with some 

studies not doing this at all prior to microperimetry testing (Wong et al. 2016a; Wu et al. 

2016a; Pfau et al. 2017c; Steinberg et al. 2017). Interesting work by Han et al. (2019) 

recently reported that microperimetry sensitivity did not improve in choroideremia 

patients or healthy controls after ambient light exposure, but they did suggest a 10 

minute pre-adaptation period after exposure to bright lights before mesopic 



 Chapter Three 72 
	

microperimetry. A standard pre-adaptation time should be agreed as part of 

microperimetry testing protocol (Pfau et al. 2020a).  

 Unsurprisingly, there has been increasing interest in dark-adapted or scotopic 

microperimetry for retinal sensitivity measurements in AMD (Steinberg et al. 2015; 

Steinberg et al. 2017; Pfau et al. 2018; Welker et al. 2018). This was first demonstrated 

by Crossland and colleagues (2011c), who used neutral density and shortpass filters to 

reduce the screen background luminance and limit stimuli to blue wavelengths for a MP-

1 microperimeter (Nidek Technologies, Italy). More recently, the S-MAIA (Scotopic-

Macular Integrity Assessment; CenterVue SpA, Padova, Italy) was introduced, capable 

of performing dark-adapted cyan and red testing in addition to mesopic microperimetry 

(Pfau et al. 2017b; Pfau et al. 2017a).  

 The various microperimeters available vary in their stimulus dynamic range and 

maximum luminance output, with this having significant impact on their suitability for 

visual field measurement in certain clinical conditions. To measure retinal sensitivity at 

each pre-determined location within an area typically up to 20° macular coverage, a 4-2 

full threshold algorithm is usually employed in a research setting (discussed in section 

3.2.2.2). The various microperimeters available along with their advantages and 

disadvantages will be discussed in subsequent chapter sections.  

 

3.3.2  - History of microperimetry 

The earliest forms of microperimetry testing reported in the literature involved the 

manual projection of stimuli onto the retina using a modified ophthalmoscope 

(visuscope or an euthyscope) to perform fundus-related perimetry (Trantas 1955; 

Meyers 1959; Awaya et al. 1972). Further development by Inatomi (1979) used a fundus 

camera with a test object projector to simultaneously visualise stimuli on the retina in 
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patients with hempianopic visual field defects. Around the same time period, Kani and 

Ogita (1979) presented an instrument for performing fundus controlled perimetry using 

a cathode ray tube (CRT) to present stimuli to the patient, whilst observing the fundus 

on a television monitor. Furthermore, another interesting form of an infrared television 

system was proposed by Ohta et al. (1979), which punched holes into paper to mark 

stimulus position as they were presented to the patient, and matched these to scotoma 

recorded on film in addition to a fundus photo. In an effort to improve image quality of 

the fundus to make it possible to directly observe fixation and precisely map stimuli to 

their corresponding retinal locations,  a scanning laser ophthalmoscopy (SLO) system 

was introduced (Webb et al. 1980; Webb and Hughes 1981; Timberlake et al. 1982). This 

is described as a low light fundus camera and ophthalmoscope combination, projecting a 

sharply focused laser beam onto the retina in a raster pattern, and collecting light 

reflected back (Timberlake et al. 1982).  

 Since initial development, microperimetry devices became commercially 

available for both research and clinical use, the first one being the SLO-101 (Rodenstock 

GmbH., Germany) released in 1982 (Van de Velde et al. 1990). High quality (at that 

time) monochromatic images of the fundus were produced from scanning of a 780 nm 

infrared laser across the retina, whilst a 633 nm Helium-Neon laser was used to present 

bright red stimuli to patients (Crossland et al. 2012). The SLO-101 was considered to be 

a great advance over conventional perimetry, becoming a widely established instrument 

for measuring retinal sensitivity and remaining the only fundus perimeter available until 

2003 (Bittencourt et al. 2014). The system of the SLO-101 was manual, and although 

this enabled many aspects of stimulus presentation to be customisable, including area, 

duration and location, it also contributed to the major disadvantages of the instrument. 

Skilled computer programmers and technicians were required to set up and operate the 

device, with stimulus location requiring manual adjustment according to changes in 
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retinal landmark position by selection from a frozen image before stimulus presentation. 

In cases where observer fixation was unstable, results became inaccurate, this being in 

addition to the difficulty in instrument use, excessive noise during testing and the 

limitation of using red stimuli only (Crossland et al. 2012, Bittencourt et al. 2014). 

Fundus tracking rate was also significantly lower at 12.5 Hz, or every 80 ms (Dunbar et 

al. 2010), compared to the more recently developed microperimeters which typically 

track at 25 Hz i.e. every 40 ms. 

 In an effort to make fundus perimetry easier to use and more popular, it became 

automated with the introduction of the MP-1 in 2002 (Nidek Technologies Srl, Japan). 

The MP-1 was developed and first described by Nishida et al. (2002), the same group 

who created one of the earliest microperimetry devices as described above (Kani 1977; 

Kani and Ogita 1979). With the added advantage of automation, the MP-1 was still able 

to provide comparable results to the well-established SLO-101 (Rohrschneider et al. 

2005). MP-1 technology was then improved and updated with the release of the MP-3 in 

2015 (Nidek Technologies Srl, Japan). Both devices use an infrared camera to form a 

retinal image and a conventional fundus camera to produce colour photographs that are 

superimposed onto a visual sensitivity map. Stimuli are also presented on a liquid crystal 

display (LCD) screen within both instruments, allowing chromatic and achromatic 

stimuli to be presented. The MP-3 does however have a larger dynamic contrast range 

(0-34 dB: maximum stimulus luminance of 319.6 cd/m2 with a background luminance of 

1.27 cd/m2, and 3193 cd/m2 at a background luminance of 10 cd/m2, compared with 0-

20 dB: maximum stimulus luminance of 128.6 cd/m2 with a background luminance of 

1.27 cd/m2 available only), minimising ceiling and floor effects in measurements 

obtained (Nidek Co. 2020). In spite of this, the use of infrared imaging to view the 

fundus throughout testing can reduce the accuracy of tracking and lead to central 

artefacts due to poorer image quality in comparison to SLO imaging (Rohrschneider et 
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al. 2005). Nonetheless, both types of Nidek technology offer follow-up testing using the 

same retinal landmark features and test choice, in addition to feedback technology for 

visual rehabilitation as described in section 3.3.1. A ‘type S’ model of the MP-3 is now 

available (0-24 dB: maximum stimulus luminance of 0.096 cd/m2, background 

luminance of 0.00095 cd/m2) and provides capability for performing scotopic 

microperimetry to assess retinal function in dark conditions, however documentation of 

its use in the literature is limited.  

 Between the upgrade of the MP-1 to the MP-3, the release of the OCT-SLO in 

2006 (OPKO/OTI, Miami, Florida) offered the novel combination of OCT with 

microperimetry in a single device. Simultaneous viewing of a topographic map of 

morphological features of AMD and associated retinal sensitivity measurements has 

permitted structure-function relationships to be established in patients affected by both 

dry and wet forms of age-related macular disease (Landa et al. 2011). This is made 

possible as both SLO and OCT images are produced through the same optics to create a 

dual-imaging system, with illumination provided by an infrared broadband super-

luminescent diode of 830 nm wavelength (Markowitz and Reyes 2013). The instrument 

underwent a name change to Optos OCT/SLO when the technology was purchased by 

Optos, Inc. (Dunfermline, Scotland, UK) in 2011 (Bittencourt et al. 2014). The 

OCT/SLO projects stimuli onto a background of 10 cd/m2 on a LED screen and has a 

stimulus dynamic range similar to that of the MP-1 (0-20 dB: maximum stimulus 

luminance of 125 cd/m2). The scanning rate for obtaining OCT scans can be chosen as 

8, 16 or even up to 32 frames/second (Optos 2011). However, fundus tracking rate is 

only 8 Hz, implying less accurate compensation for eye movement. Interestingly 

however, Liu et al. (2015) reported that in spite of the reduced temporal resolution of 

retinal tracking with the OCT/SLO in comparison to with the MP-1, measurements of 
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fixation stability (BCEA) were not statistically different between the two devices for 

both healthy observers and patients with maculopathies.  

 Finally, one of the most popular instruments for performing microperimetry, is 

the Macular Integrity Assessment (MAIA, CentreVue, Italy) (Jones et al. 2016; Wu et al. 

2016b; Denniss et al. 2017; Ramírez Estudillo et al. 2017; Steinberg et al. 2017; Sallo et al. 

2018; Corvi et al. 2019; Daibert-Nido et al. 2019; Finger et al. 2019; Roh et al. 2019). 

Made commercially available in 2009, it boasts a large dynamic range (0-36 dB: 

maximum stimulus luminance of 318.3 cd/m2 with a background luminance of 1.27 

cd/m2). In contrast to the LCD system employed in Nidek devices, the MAIA uses a 

light-emitting diode (LED) system to present the microperimetry test.  The imaging 

system used to view the fundus is similar to that employed in the OCT/SLO, since 

illumination for the SLO in the MAIA is provided by an infrared super-luminescent 

diode of 850 nm wavelength, resulting in high-quality imaging of the fundus without 

pupil dilation. It offers a number of customisable options for microperimetry testing 

including, faster threshold strategies, dark mode to reduce unwanted reflections, 

multiple test grid options including manual manipulation of stimulus locations, eccentric 

fixation targets and scotopic microperimetry with the S-MAIA edition.  

 The technical specifications of the various devices used throughout the 

microperimetry literature should be considered carefully. Background luminance and test 

conditions (e.g., background/adapting luminance) determine photoreceptor activity. 

Measurement range for contrast threshold determination depends upon the available 

stimulus luminance. The accuracy of fundus tracking and correction of stimulus position 

according the eye movements is also very important, in combination with method and 

speed with which this is carried out. In work by Liu et al. (2014), retinal sensitivity 

measurements acquired in patients with a range of maculopathies including AMD and 

healthy observers with the MP-1 and OCT/SLO (with the same 4-2 threshold 
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algorithm), both of which have a stimulus dynamic range of 0-20 dB  (manufacturer 

reported) were compared. Even after adjusting retinal sensitivity values to ensure each 

decibel value in the measurement range of both instruments equated to same stimulus 

intensity, mean OCT/SLO sensitivity values were 6 dB and 7 dB higher for the healthy 

and maculopathy groups respectively, compared to MP-1 measurements (Liu et al. 2014). 

This was likely due to differences in light adaptation level since stimuli are presented on 

a brighter background luminance with the OCT/SLO compared to the MP-1 (10 vs 1.27 

cd/m2). Wong and colleagues (2017) compared the MAIA and MP-1 devices, and 

discussed the possibility of applying a correction factor of +4 dB to MP-1 sensitivity 

values due to the larger stimulus dynamic range of the MAIA, however the Bland-

Altman 95% limits of agreement were too large for both mean sensitivity (1.4 to 13.3 

dB) and point-wise sensitivity (-3.9 to 18.5 dB) for accurate clinical assessment. 

Furthermore, even when similar testing conditions are applied, important discrepancies 

are still observed between microperimetric measurements. Mesopic macular sensitivity 

has been reported as significantly and consistently higher with the MAIA compared to 

the MP-3 by approximately 5.65 dB in the same cohort of healthy observers, this 

difference possibly being related to differences in stimulus luminance and predicted 

contrast sensitivity for the same decibel values of measured retinal sensitivity, in addition 

to different imaging systems (Balasubramanian et al. 2018).  

 

3.3.3  - Pros and cons  

The ultimate advantage of choosing microperimetry over SAP to evaluate central visual 

function, is that retinal sensitivity can be measured at individual locations across the 

macula whilst compensating for eye movements during the test. Ultimately, such 

advances enable more accurate structure-function correlations to be established 
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compared to SAP (Midena et al. 2007a; Acton et al. 2011). The ability to determine the 

retinal location used for fixation if this is not the fovea, and monitor the stability of 

fixation on the central target are also important features, (see section 3.3.1). All the 

currently available devices for performing microperimetry (see section 3.3.2) also feature 

a follow-up function, enabling the exact retinal locations examined on initial or previous 

visits to be re-examined so that any longitudinal change in retinal function can be more 

easily identified. This is also very useful in the case of clinical trials where macular 

function is required to be monitored during treatment. Successful results have recently 

been shown in using monthly ocular injections of the anti-VEGF antibody Bevacizumab 

(Avastin, Genetech Inc, San Francisco, USA), typically used to treat neovascular AMD, 

in reducing macular oedema owing to diabetes and resulting in significantly improved 

microperimetric sensitivity after six months, even in the absence of improved visual 

acuity (Pereira et al. 2019).  

 Microperimetry is primarily discussed in relation to age-related macular disease 

throughout this thesis. However, it is increasingly being used in many forms of ocular 

conditions affecting the macula including the diagnosis and monitoring of such diseases, 

in addition to acting as a functional endpoint in clinical trials.  Such applications arise 

since microperimetry can provide more discrete spatial information about macular 

function in comparison to measures of foveal visual acuity. Applications to other ocular 

diseases resulting in impaired macular function include, diabetic maculopathy (Vujosevic 

et al. 2006; Cennamo et al. 2015; Montesano et al. 2017; Sharanjeet-Kaur et al. 2019), 

central serous retinopathy (Roisman et al. 2014; Dolar-Szczasny et al. 2018), 

choroideremia (Jolly et al. 2017), and macular dystrophies such as macular telangiectasia 

(Charbel Issa et al. 2007; Sallo et al. 2018), Stargardt’s disease (Schönbach et al. 2017; 

Strauss et al. 2019) and Best’s Vitelliform Macular Dystrophy (Parodi et al. 2018). There 

has also been increasing interest in the use of fundus-controlled perimetry in glaucoma 



 Chapter Three 79 
	

(Matsuura et al. 2018; Yusuf et al. 2018). Despite SAP being a key examination 

technique for monitoring the impact of glaucoma in individual patients, it suffers from a 

number of issues including fixation instability (Ishiyama et al. 2015) and measurement 

variability (Artes et al. 2005) which were thought could be remedied through 

compensation for eye movements. In a study by Montesano et al. (2019), test-retest 

variability in mean sensitivity of the measured visual field was reduced with the Compass 

compared to the HFA in observers both with and without glaucoma, however this 

reduction was more apparent in healthy participants compared to those with glaucoma 

(49% vs 13%). However, Montesano et al. (2020) later surprisingly revealed similar 

structure-function relationships obtained with the Compass and HFA in a large sample 

of glaucoma patients (Glaucoma: 711 eyes from 434 patients, controls: 696 eyes from 

360 participants) .  

 Although microperimetry has numerous advantages, it does not come without 

its drawbacks in measuring visual function in AMD. The range of presentable stimulus 

contrast levels from dimmest to brightest i.e. the dynamic range, can be limited in some 

microperimetry devices. Healthy observers tend to reach a ceiling when performing 

microperimetry since they are able to discern stimuli at the dimmest intensity presented 

by the microperimeter (Acton et al. 2011). This is in contrast to those affected by more 

advanced stages of AMD who may be unable to detect stimuli of the brightest contrast 

presentable by the device, and display floor effects (Chen et al. 2009b). In particular, this 

is seen with the earlier devices which are only capable of presenting stimuli over a two 

log unit range; MP-1 (Chen et al. 2009b; Acton et al. 2011; Seiple et al. 2012; Steinberg et 

al. 2017) and OCT-SLO (Liu et al. 2014). The brightest and dimmest possible 

measurements of 0 dB and 20 dB with these instruments have been quantified as 

equivalents of 14 dB and 34 dB with the Humphrey Field Analyser (Acton et al. 2011).  

 With the introduction of more recent microperimetry technology, stimulus 
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dynamic range has been improved with the Nidek MP-3 and CentreVue MAIA, capable 

of presenting dimmer stimuli up to 34 dB and 36 dB respectively. This said, the dynamic 

range of stimuli from dimmest to brightest actually presented by the device can be 

different from values reported by the manufacturer, termed the effective dynamic range 

(EDR), where the ceiling is defined as the 99.5th percentile and the floor is the value at 

which 5% of retest values are the same as 0 dB (Wall et al. 2010). The EDR has been 

found to be 10-30 dB for mesopic testing with the MAIA in comparison to the 0-36 dB 

reported by CentreVue, in addition to 9-17 dB and 4-17 dB for scotopic testing with 

cyan and red stimuli respectively, in contrast to the expected 0-20 dB (Pfau et al. 2017a). 

Furthermore, significant floor effects have been reported in scotopic cyan and red 

testing of eyes with intermediate (n=9) and late (n=2) AMD (Beckman classification) 

using the S-MAIA, in addition to ceiling effects with the MP-1S (Steinberg et al. 2017, 

fig. 3.8). Ultimately, limited dynamic range in microperimetry testing reduces its 

capability to detect early disease such that these observers will obtain similar macular 

sensitivities to healthy observers, and functional loss is less likely to be detected in eyes 

with more advanced features of AMD.  
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- Figure 3.8: Demonstration of (A) ceiling effects, and (B) floor effects under mesopic 

and photopic testing conditions with the MP-1S and S-MAIA. Figure adapted from 

Steinberg et al. (2017). 

 

 Another important issue to consider when evaluating microperimetry 

examinations is that of test-retest variability. If this is high, the clinical significance of the 

macular sensitivity values is lost in measurement noise. A high degree of test-retest 

variability has been reported in a number of research studies using microperimetry in 

participant groups with AMD (Chen et al. 2009, Wu et al. 2013, Wong et al. 2016), and 

other conditions affecting macular function, including X-linked juvenile retinoschisis 

(Jeffrey et al. 2014), type 2 macular telangiectasia (Wong et al. 2017c) and glaucoma 

(Wong et al. 2017b). In an interesting study by Wu et al. (2015) using the optic nerve 

head (ONH) in healthy observers as a deep scotoma model, it was suggested that a 

single measure of test-retest variability across the entire retina in individuals with retinal 
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disease would be inappropriate, since variability in retinal sensitivity measured with the 

MAIA was significantly greater at the border of the ONH compared to the macula and 

peripapillary regions. Similarly, variability of point-wise sensitivity was 10.68 dB at the 

border of retinal degeneration compared to 4.74 dB (P < 0.001) at the central retina in 

choroideremia patients examined with the MAIA (Dimopoulos et al. 2016).  

 Some studies report insignificant measurement variability, but limit comparison 

between studies due to low sample size and differences in reporting macular sensitivity 

measures (Weingessel et al. 2009; Molina-Martín et al. 2016; Szepessy et al. 2017). The 

use of mean measures averaged across the test grid compared to pointwise sensitivity or 

localised areas of the test grid can affect study outcomes (Ooto et al. 2013; Wong et al. 

2016b; Pfau et al. 2018). Cideciyan et al. (2012) unusually found insignificant 

measurement variability across all test locations including those that bordered scotomas, 

in patients with deep scotomas caused by various macular degenerations (Stargardt 

disease, cone-rod dystrophy and retinitis pigmentosa). Such findings may be due to the 

moving average technique to compute mean thresholds, reducing measurement 

variability. Test-retest variability has been found to be highest for individual test 

locations, and lowest for retinal sensitivity averaged across the entire grid (Chen et al. 

2009b). Important to note however, is the inherent variability in retinal sensitivity at 

each test location may be too noisy to detect clinical change, and averaging sensitivities 

across specific areas of the macula (central 10° and paracentral macula) may be more 

clinically significant (Chen et al. 2009b). Furthermore, measurement variability in 

pointwise sensitivity can be improved with examination practice, since learning effects 

can significantly affect intrasession test-retest variability when considering point-wise but 

not mean sensitivity (Wu et al. 2013).  

 Careful consideration of the advantages and disadvantages of microperimetry 

testing is essential when evaluating macular function in AMD. Similar drawbacks have 
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been identified in the use of conventional perimetry in glaucoma, such as poor 

sensitivity to early disease (Harwerth et al. 2004; Tafreshi et al. 2009) and high degrees of 

test re-test variability (Heijl et al. 1989; Chauhan and Johnson 1999; Artes et al. 2005). 

Such issues are thought to be related to stimulus design, and can be reduced through the 

use of stimuli modulating in area (Redmond et al. 2010a; Rountree et al. 2018) and/or 

duration (Mulholland et al. 2015b), in addition to contrast. Similar hypotheses could be 

applicable to microperimetric stimuli in the quantification of central visual field loss in 

AMD. Such investigations have yet to be undertaken in AMD.   

 

3.3.4  - Structure-function relationship in AMD  

Many studies throughout the literature have sought to establish structure-function 

relationships in AMD. Much debate exists as to whether microperimetric sensitivity is 

reduced over drusen. Sunness et al. (1988) conducted one of the earliest studies to 

investigate this using fundus perimetry, and found no significant difference in macular 

sensitivity overlying drusen compared areas without drusen in eight observers with 

AMD. Later work by Midena and colleagues (1994) found significantly reduced mean 

sensitivity over the central 10° with SAP (HFA 10-2 program) in 35 patients with more 

than 10 bilateral drusen and good visual acuity (≥6/6) compared to 16 age-matched 

controls. Mean retinal sensitivity was still significantly worse when drusen were classified 

as “soft” or greater than 63 μm diameter but not with increasing drusen number. 

Another study reported significantly reduced retinal sensitivity over large drusen (≥ 125 

μm) in 39% of 23 eyes examined with SLO (Takamine et al. 1998). It is worth noting 

that no decrease in retinal sensitivity (defined as a 5 dB decrease in retinal sensitivity 

compared to that at a non-drusen area peripheral to the test point) was found overlying 

soft drusen of any size, and two eyes with reduced sensitivities associated with drusen 
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(8.7%) also had exudative features of AMD. Nonetheless, in further work examining 

focal macular sensitivity, Midena and colleagues (2007) found significantly reduced 

sensitivity in test locations coinciding with large soft drusen (>125 μm) but not with 

small (≤63 μm) or intermediate (>63 μm and ≤125 μm) soft drusen, using MP-1 

microperimetry. Interestingly, short wavelength cone sensitivity has been found to be 

significantly affected by the presence of drusen, more so soft compared to hard drusen, 

in eyes with AMD (Remky and Elsner 2005).  While small hard drusen have been 

considered as normal aging changes only (Ferris III et al. 2013), significantly marked 

reductions in mean retinal sensitivity in 12 eyes with hard drusen compared to 12 

control eyes under adaptation conditions of dark-adapted scotopic MP-1 microperimetry 

(background luminance: 0.0032 cd/m2), but not with mesopic MP-1 microperimetry 

(background luminance: 1.27 cd/m2) were reported by (Nebbioso et al. 2014).   

   The depth of any localised reductions in microperimetric 

sensitivity overlying drusen depends upon various factors, including drusen size, drusen 

type and testing conditions. Considering such findings, using OCT to identify 

morphological AMD features may be more valuable for structure-function analysis in 

AMD. Wu et al. (2014b) found the inner-segment ellipsoid (ISe) band (previously 

defined as the integrity of the junction between photoreceptor outer and inner 

segments) and retinal pigment epithelium (RPE) elevation as the strongest indicators of 

localised visual function deficits in observers with intermediate AMD, under adaptation 

conditions of mesopic microperimetry. Later work confirmed that changes in RPE-

drusen complex (RPEDC) thickness, and hyperreflective foci number reflect 

longitudinal changes in mesopic microperimetric sensitivity due to intermediate AMD 

(Wu et al. 2016a). Hyperreflective foci are defined as small discrete highly-backscattering 

lesions within the neurosensory retina usually located above drusen, caused by RPE 

migration thought to be stimulated by drusen themselves (Ho et al. 2011). Figure 3.9 
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demonstrates hyperreflective foci visible on an OCT scan. They have been 

demonstrated as high risk factors for disease progression in AMD (Fragiotta et al. 2019) 

and correlate strongly with changes in microperimetric retinal sensitivity, amongst ISe 

band disruption (Iwama et al. 2010; Hartmann et al. 2011; Landa et al. 2011; Querques 

et al. 2012; Fragiotta et al. 2017), increase in the RPEDC thickness (Iwama et al. 2010; 

Hartmann et al. 2011; Abdelfattah et al. 2016; Sleiman et al. 2017; Saßmannshausen et al. 

2018) and RPE loss or atrophy (Sleiman et al. 2017). The integrity of the external 

limiting membrane (ELM) has also been suggested as a structural biomarker for macular 

sensitivity, possibly due to its supportive role in photoreceptor structure and alignment 

(Fragiotta et al. 2017).  

 

  

- Figure 3.9:  OCT scan showing hyperreflective foci in relation to other retinal layers 

determined by automated segmentation. The image is unmarked on the left, and labelled 

on the right. Orange circular markers highlight hyperreflective foci. The segmented layers 

are the retinal nerve fibre layer (RNFL), ganglion cell layer and inner plexiform layer 

(GCL & IPL), inner nuclear layer (INL), outer plexiform layer (OPL), the ellipsoid zone 

and photoreceptor outer segments (EZ & OS). Figure adapted from Wu et al. (2016). 
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 Reticular pseudodrusen (RPD) or subretinal drusenoid deposits, are associated 

with increased risk of late AMD (see chapter 1.2). RPD have been detected more 

frequently in and around the superior vascular arcades, resulting in statistically significant 

reductions in retinal sensitivity compared to other macular regions, measured by 

mesopic microperimetry (Ooto et al. 2013). Similarly, Steinberg et al. (2016) found 

localised decreases in microperimetric sensitivity in retinal locations with RPD compared 

to unaffected areas under scotopic and mesopic conditions, in agreement with their 

earlier work (Steinberg et al. 2015). Interestingly, RPD presence was found to be 

spatially correlated to reductions in partial outer retinal thickness and scotopic sensitivity, 

such that a decrease in thickness of 1 μm led to a decrease in scotopic sensitivity of 0.96 

dB, but this correlation was not present in mesopic conditions (Steinberg et al. 2016). 

Using dark-adapted perimetry, Tan and colleagues (2018), reported average point-wise 

sensitivity tested at varying visual eccentricities to be significantly lower for observers 

with intermediate AMD with RPD compared to eyes with intermediate AMD but no 

RPD present up to 8° eccentricity, with this difference becoming even greater when 

participants were exposed to photobleaching prior to examination.  

 Microperimetry has also provided valuable information on structure-function 

relationships in end-stage AMD. In a longitudinal investigation of 181 participants with 

intermediate AMD at three monthly intervals over a 30 month period, distinct 

pathological features preceding geographic atrophy were identified, including collapse of 

the outer plexiform layer (OPL) and inner nuclear layer (INL), and appearance of a 

wedge-shaped band within the OPL, termed nascent geographic atrophy (nGA) (Wu et 

al. 2014a). Mesopic MAIA microperimetry was able to discern significantly worse 

macular sensitivity overlying areas of nGA compared to areas without atrophy in 

observers with intermediate AMD, but significantly better sensitivity over nGA than 

areas of drusen-associated atrophy in eyes with advanced AMD (Wu et al. 2015b).  Pfau 
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et al. (2019) presented evidence for remnant cone function within the atrophic side of 

the boundary of GA (inner junctional zone) associated with preserved outer nuclear 

layer. Significant improvements in macular sensitivity have also been identified in 

patients with neovascular AMD who have responded to anti-VEGF treatment 

(Hartmann et al. 2015), even in cases where marked improvements in visual acuity are 

absent (Squirrell et al. 2010).  

 In conclusion, microperimetry devices can be used to establish relationships 

between characteristic retinal features of AMD and associated functional deficits. On 

the one hand, there is consensus on the strength and nature of correlations between 

macular sensitivity measurements and some structural features including RPD (Ooto et 

al. 2013; Steinberg et al. 2016), RPEDC thickness (Wu et al. 2016a; Saßmannshausen et 

al. 2018; Saßmannshausen et al. 2021) and hyperreflective foci (Wu et al. 2016a; 

Fragiotta et al. 2017). However, there is variability in the structural measures investigated 

throughout the literature making it difficult to make firm conclusions on their 

relationship with microperimetric sensitivity in AMD. For example, Saßmannshausen et 

al. (2018) found significantly reduced mesopic and scotopic microperimetric sensitivity 

associated with reduced photoreceptor segment thickness (inner and outer), yet Acton et 

al. (2012) reported MP-1 sensitivity deficits in retinal areas with thinner photoreceptor 

outer segments. It is therefore unclear whether both inner and outer segment thickness 

contribute towards central visual field deficits in AMD. Different microperimetry 

devices, testing conditions, structural features used (i.e. OCT vs. drusen presence) and 

OCT segmentation methods also contribute to these difficulties.  

 Additionally, retinal sensitivity is also measured with standard Goldmann size III 

stimuli, or size V in the case of scotopic microperimetry. There is very little 

consideration for important psychophysical laws that govern stimulus detection and may 

influence the structure-function relationships observed. Evidence for this has been 
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presented by Choi et al. (2017) where visual field defects detected with stimuli within 

complete spatial summation (Goldmann size I and II) correlated better with structural 

changes on OCT in AMD, compared with GIII (Choi et al. 2017). However, spatial 

summation was only examined with three stimulus sizes and therefore insufficiently 

sampled, with further work being necessary to (1) identify if spatial and/or temporal 

summation is altered in AMD and (2) determine if the structure function relationship is 

improved in AMD using stimuli scaled to probe any identified deficits in spatial and/or 

temporal processing. Spatial and temporal summation will be discussed in chapters 5 

and 6 respectively. 
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4.  Characteristics of eye movements in AMD  

  

4.1  - Role of eye movements in daily tasks  

“We move our eyes to see the world but also to accurately see the world we must move 

our eyes.” (Pouget 2019). The cone-dominated fovea enables discrimination of fine 

detail, allowing us to perform high-resolution tasks such as reading or driving. Yet, the 

fovea measures only 0.8 mm or ~2.7° in diameter, located in the central retina (Curcio et 

al. 1990). In combination with movement of the head, it is unsurprising that we require 

eye movements to direct and maintain objects of interest onto the fovea. Two primary 

types of eye movements are described, (i) gaze-holding that stabilise the direction of the 

line of sight to help keep images steady on the retina, and (ii) gaze-shifting eye 

movements that displace the line of sight to a new object of interest (Leigh and Khanna 

2006). This chapter will introduce the important eye movements we use on a daily basis 

within these two main categories, describe how they may change in ocular disease and 

the implications they have on visual field testing. Furthermore, tracking and recording of 

eye movements is a core element of the custom gaze-contingent microperimetry tests 

used to carry out the majority of experiments in this thesis (see chapters 10-11).  

 

4.2  - Types of eye movements  

Eye movements can also be categorised as ‘conjugate’ or ‘disconjugate’. Conjugate eye 

movements describe those where the two eyes move in the same direction in a 

coordinated manner (Purves et al. 2001). They appear to be generated from velocity 

commands integrated by the central nervous system to create position signals in order to 
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hold fixation (Pastor et al. 1994). This is in contrast to disconjugate eye movements 

which are thought to have separate coding to rotate each eye in opposing directions 

(Dodge 1903). Saccade, smooth pursuit, vestibular and optokinetic are all types of 

conjugate eye movements, whereas vergence movements are disconjugate.   

 

4.2.1  - Saccades  

Saccades are fast, ballistic eye movements that rapidly change direction of gaze and 

permit exploration of the visual environment (Purves et al. 2001; Pierce et al. 2019). 

With a frequency of 2-3 per second saccades are constantly being made between 

fixations yet steady eye movement and perception is experienced (Pierce et al. 2019). 

This is due to saccadic suppression to block the distorted visual input and prevent image 

blurring during eye movement, and saccadic displacement to move the image on the 

retina after each saccade (Wurtz 2008). Saccadic eye movements can be initiated 

voluntarily (volitional saccades), or triggered by an external stimulus referred to as 

visually-guided saccades (Fischer 1987). Intriguingly, we also make saccades during sleep, 

usually associated with dreaming that occur in the rapid eye movement (REM) phase 

(Jacobs et al. 1971). This accounts for ~22% of the sleep cycle, but contributes slightly 

less with increasing age (Floyd et al. 2007).  

 Following the presentation of a stimulus to initiate a saccade, there is delay 

before the extraocular muscles execute the eye movement. The distance between the 

initial and intended eye position is thought to stimulate the saccadic eye movement, and 

is referred to as the ‘motor error’ (Mays and Sparks 1980; Sparks 1986). It is thought 

that sensory signals converge in the superior colliculus of the midbrain where cells are 

arranged topographically, and are therefore converted into command signals with motor 

error coordinates (Sparks 1986).  
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 The latency period between target appearance and initiation of the saccade is 

approximately 200-250 ms for an adult human, dependent on a number of factors 

including participant age, target viewing distance and task type (Travis 1936; Munoz et al. 

1998; Yang et al. 2002) . However, more recent research suggests that saccadic latencies 

are in fact shorter than previously thought (~150 ms) due to the conservative nature of 

older experiments where participants were traditionally required to look at peripheral 

targets lacking detail (Trottier and Pratt 2005). The metrics for a visually-guided saccade 

initiated experimentally are demonstrated in Fig. 4.1. Experiments investigating saccadic 

eye movements have also revealed a narrow peak in reaction time to a stimulus before a 

regular saccade has occurred, referred to as express saccades (Fischer and Ramsperger 

1984; Fischer and Weber 1993). These have a shorter latency time of ~100 ms, and are 

thought to be visually-guided rather than anticipatory in nature (Fischer and Weber 

1993) with their reaction times shown to vary with luminance, area and eccentricity of 

the stimulus (Boch et al. 1984).  
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-	Figure 4.1:  Visually-guided saccade task conducted in experimental conditions. A: the 

participant was instructed to follow a spot stimulus when it disappeared from the centre 

of the screen and moved to the left. B: the dashed red line demonstrates stimulus 

position and the blue line shows the participants gaze as they observed the stimulus. 

Latency is the time taken for the saccade to be initiated since appearance of the 

peripheral stimulus on the left of the screen (~250 ms). The amplitude is the maximum 

size of the saccadic eye movement (~15 degrees of visual angle to the left). Figure 

adapted from Pierce et al. (2019). 

 

4.2.2  - Smooth pursuit   

Smooth pursuit eye movements refer to the tracking movements made to maintain the 

image of a moving stimulus on the fovea (Purves et al. 2001). It is thought that the 

middle temporal area of the visual cortex known as MT or V5 is the primary source of 
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sensory stimulation that subsequently drives smooth pursuits through a number of 

pathways to the cerebellum and on to the brain stem (Lisberger et al. 1987; Keller and 

Heinen 1991; Lisberger 2010). This is unsurprising given that V5 is responsible for 

motion perception, consisting of neurons tuned specifically for direction and speed of 

moving targets (Maunsell and Van Essen 1983). The retinal slip velocity describes the 

speed of the moving image of the object off the fovea, and acts as the sensory input 

signal to drive a pursuit eye movement to compensate for the foveal image dislocation 

(Lencer et al. 2019). Hopefully, the retinal slip velocity should match that of the moving 

target for optimum visual acuity such that the ratio of smooth pursuit to target velocity 

(gain control) equals one (Robinson 1965; Lencer et al. 2019). This is very different from 

the mechanism behind fixations, and highlights that tracking a moving object requires 

active release from fixation and increase in gain control which must be constantly 

moderated and updated according to changes in target parameters (Churchland and 

Lisberger 2002; Lisberger 2010).  

 Although these eye movements are slower than saccades, smooth pursuits occur 

more quickly with a shorter latency of 100-130 ms that elapses between appearance of 

the target in motion and the velocity of the eye accelerates in an attempt to match that 

of the stimulus (Robinson 1965; Tychsen and Lisberger 1986; Carl and Gellman 1987; 

Lisberger 2010). Other distinct differences between smooth pursuit and saccadic eye 

movements include the type of control system (continuous vs. sampled respectively), 

longer duration of movement and requirement for a target stimulus for smooth pursuits 

(Robinson 1965). This said, whilst the velocity for a smooth pursuit and foveal target 

increases gradually up to target velocity, when a fixation target is removed and the 

participant instructed to follow a moving peripheral target, the smooth pursuit is 

interrupted by an initial saccade to locate the target, the latency of which alters the 

velocity dynamics of the smooth pursuit (Ogawa and Fujita 1998, fig. 4.2). 
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 -	Figure 4.2:  Comparison of smooth pursuit eye movements to a peripheral target 

located at 3° eccentricity and moved away from the fovea (black line) and a foveal target 

(blue) moved at 15 deg/s. The gap in the peripheral target pursuit represents a saccade. 

Dotted lines show the magnitude of the change in eye and target velocity. Figure 

adapted from Ogawa and Fujita (1998). 

 

4.2.3  - Vestibulo-ocular reflex   

The vestibulo-ocular reflex (VOR) describes another form of conjugate eye movement 

of short latency (<15 ms) and possibility high velocity and acceleration to enable 

compensation for head movements (rotations or displacements) in any direction (Leigh 

and Khanna 2006; Lencer et al. 2019). In response to head movement, the eyes are 

displaced by the same amplitude in the opposite direction to maintain gaze. This is 

dependent upon a set of motion sensors of the inner ear which transmit signals to the 

central nervous system, and subsequently to the ocular muscles to result in the VOR; (i) 

semi-circular canals sensitive to angular acceleration and therefore responsible for head 

rotation detection, and (ii) otolith organs which are sensitive to linear acceleration 

through detection of head position relative to gravity and head translation (Somisetty 

and Das 2020). When the VOR is lost or deficient, symptoms of blurred vision and a 

feeling that a stationary environment is constantly moving (oscillopsia) have been 
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reported due to excessive image motion on the retina (Grossman and Leigh 1990). 

Detecting VOR impairment can be measured using a variety of tests including caloric 

irrigation, involving irrigation of the external ear canals with air or water, rotation of the 

head or body (Fife et al. 2000), and the measurement of visual acuity during head 

movement known as dynamic visual acuity (Demer et al. 1994).  

 

4.2.4  - Optokinetic nystagmus    

In addition to smooth pursuit and vestibulo-ocular eye movements, optokinetic 

nystagmus (OKN) forms part of the smooth eye movement group, helping us to focus 

clearly on moving objects, whether that be only the object moving, we are moving 

relative to the object and/or our environment is moving. Specifically, OKN helps to 

stabilise images on the retina during sustained head rotation (Leigh and Zee 2015). 

Unlike pathological nystagmus, OKN is physiological in nature and present in the 

healthy visual system. It consists of a slow phase initiated by the movement of large 

patterns across the retina, and a fast phase consisting of a quick eye movement to bring 

the eyes back in primary position after reaching the edge of the orbit (Cohen et al. 1977; 

Lencer et al. 2019). The OKN fast phase has been found to be similar to saccadic eye 

movements, although the fast phase was reported as slightly (but insignificantly) longer 

in duration, but to have a small yet significantly lower peak velocity than saccades 

(Garbutt et al. 2001). Furthermore, two variations of OKN known as look and stare 

OKN have been identified, the production of either being dependent upon the task at 

hand (Ter Braak 1936). OKN is commonly investigated by presenting a rotating drum 

of black and white vertical or horizonal stripes or shapes (Suzuki and Komatsuzaki 

1962; Honrubia et al. 1968; Lasker and Kummell 1985; Straumann 2016) or 

computerised versions of the test where the stripes move from right to left, left to right 
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and upwards or downwards presented on a screen (Assaf 1991; Han et al. 2011). Look 

OKN is elicited when observers are instructed to track the stripes as they rotate, 

resulting in large-amplitude slow phases and low-frequency fast recovery phases 

(Honrubia et al. 1968). The slow phases in look OKN resemble smooth pursuit (Lencer 

et al. 2019). When participants are asked to passively watch the stripes as they rotate, 

and is characterised by small-amplitude slow phases and high-frequency fast phases 

(Honrubia et al. 1968). Stare OKN has be found to be reflexive in nature with weaker 

cerebral activity, whereas look OKN, similarly to smooth pursuits, are thought to rely on 

overlapping neural pathways volitionally controlled by a cortical network (Holm-Jensen 

1984; Konen et al. 2005).  

 

4.2.5  - Vergence    

In order to track approaching or receding objects, our eyes are rotated in opposite 

directions (i.e. disconjugate or disjunctive eye movements). Convergence refers to the 

inwards rotation of each eye to focus on objects coming towards us, whilst divergence 

describes the outwards rotation of the eyes to view objects further away in depth than 

the previous object (Dodge 1903). These can be quantified by measuring the vergence 

angle between the two eyes (see fig. 4.3). Vergence eye movements can occur vertically 

around the interocular axis, as torsional rotations around the visual axis known as 

cyclovergence, or horizontally about an axis perpendicular to the interocular and visual 

axis (Howard and Rogers 2008). In addition to the different directions and behaviours 

with which the eyes can rotate, vergence can also be defined according to its source. 

Binocular disparity is one of the primary vergence cues, and describes the vergence error 

produced from the difference between the retinal image locations of the target object 

between the two eyes, resulting in disparity vergence (Collewijn and Erkelens 1990). 
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Image blur is also an important source of vergence eye movements, referred to as 

accommodative vergence (Maddox 1886; Hung and Semmlow 1980). Furthermore, it 

has been shown that the perceived depth of objects can produce vergence eye 

movements, independent of binocular disparity (Sheliga and Miles 2003).  

	

-	Figure 4.3:  Horizontal vergence. The graph (left) indicates the vergence angle between 

the eyes. Positive vergence angles are seen in convergence, as a result the object moving 

towards the eyes (middle). Negative vergence angles are produced from divergence, when 

the object moves away from the eyes (right). Figure adapted from Giesel et al. (2019). 

 

 Vergence movements have been found to have a shorter latency than saccades 

of approximately 160 ms (Rashbass and Westheimer 1961). Studies have investigated the 

latency of convergence compared to divergence, but have presented contradicting 

results. Krishnan et al. (1973) found longer latencies for convergence compared to 

divergence, although the measured values appeared to be notably variable. Convergence 

latencies were also found be longer than those of divergence (mean difference ~20 ms) 

in work by Yang et al. (2002), who believed this may be due to differences in the 

visuomotor and attentional processes that contribute to the production of these 

vergence movements. These results are contradicted by other studies who reported 
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longer reaction times for divergence compared to convergence (Semmlow and Wetzel 

1979; Hung et al. 1997). With respect to neural control of vergence eye movements, 

retinal information is relayed from the occipital cortex to ‘vergence centres’ in the 

brainstem via upper motor neurons, where mechanisms controlling convergence and 

divergence are different from one another (Purves et al. 2001).  

 

4.2.6  - Fixations    

When focusing on a particular object, no eye movements are perceived yet we are 

constantly making small, involuntary eve movements to maintain gaze known as 

fixations (Alexander and Martinez-Conde 2019). This contributes to the fact that no 

established definition for fixation exists since it has been described as a period where the 

eyes are still yet they continuously tremor, and what constitutes a fixation depends on 

the context of the task or study at hand (Hessels et al. 2018). There is even debate that 

fixations can be defined as eye movements since they describe periods where the eyes 

remain relatively affixed on the same point (Pouget 2019). Yet, the pattern of eye 

movement during fixation is described as erratic and has been modelled as a ‘random 

walk’ (Engbert and Kliegl 2004). Hence, fixations are perhaps better referred to as 

miniature eye movements to ensure vision does not fade, of which there are three 

classes; (i) microsaccades, (ii) drift or slow control, and (iii) oculomotor microtremor 

(Pritchard 1961; Martinez-Conde et al. 2004; Duchowski 2017b). Ultimately, all 

fixational eye movements are vital to ensure our visual environment remains visible, due 

to the fact that constant retinal illumination results in weak neural responses, whilst 

strong responses are generated from abrupt changes in retinal illumination with respect 

to space and time (neural adaptation) (Hartline 1940a; Kuffler 1952).  
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4.2.6.1  - Microsaccades   

The largest and fastest of fixations are involuntary jerk-like binocular eye movements 

that occur 3-4 times every second, referred to as microsaccades, fixational, small or 

miniature saccades, minisaccades, jumps or flicks (Martinez-Conde 2006; Rolfs 2009). 

These were first discovered by Dodge in 1907. Since then, there has been some debate 

throughout the literature in defining the amplitude of microsaccades with respect to 

differentiation from saccades. Microsaccades were previously defined as fixations with 

an amplitude typically raging between 2 and 12 min arc (Collewijn and Kowler 2008). 

However, later studies post 1990 have found the amplitude to frequently exceed this 

value (Rolfs 2009; Mergenthaler and Engbert 2010) with the accepted upper magnitude 

now being 1° (fig. 4.4), since this has been found to include more than 90% of saccades 

produced during attempted fixation (Martinez-Conde et al. 2009). Microsaccades can be 

detected in eye movement recordings (Ratliff and Riggs 1950; Nachimias 1959) (see fig 

4.4). Measurement of eye movements will be described in more detail in Section 4.1.2. 

	

-	Fig. 4.4:  Microsaccades. Distribution of human microsaccade magnitudes measured 

with two types of eye-trackers; (i) video (black) and (ii) search coil (blue) is shown on the 

left. Examples of the corresponding eye position traces are shown on the right. Red 

arrows indicate microsaccades. Figure adapted from Martinez-Conde et al. (2014). 
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 Unsurprisingly, it has been demonstrated that microsaccades are modulated by 

visual attention, since the presentation of visual cues during fixation resulted in a 

decrease in the temporal microsaccade rate followed by a subsequent increase (Engbert 

and Kliegl 2003). The generation of microsaccades is thought to be via the same neural 

pathway as saccadic eye movements (Rolfs et al. 2008; Hafed et al. 2009; Otero-Millan et 

al. 2011a). In a similar way that motor error is thought to stimulate saccades, fixation 

error, in addition to random fluctuations of neuronal activity in the superior colliculus 

known as neural noise, is thought to produce microsaccades, with the contribution of 

the neural noise signal leading to microsaccadic eye movement being dependent upon 

the magnitude of the error in gaze position (Otero-Millan et al. 2011a).  

 

4.2.6.2  - Slow drift    

Drift or slow drift describes a much slower, constant movement of the eyes with a 

velocity usually less than 2°/s that occurs between microsaccades or saccades (Barlow 

1952; Alexander and Martinez-Conde 2019). Earlier eye movement studies have been 

thought to underestimate drift velocity by a mean magnitude of at least 10x (average 

drift velocity ~50 arcmin/s), due to the inclusion of very experienced participants with 

precise fixation on single point and reporting of average values for long time periods, 

typically on one axis (Cherici et al. 2012; Rucci and Poletti 2015). Furthermore, there is 

debate as to whether ocular drift is correlated between the two eyes (Rolfs 2009). 

However, it has been reported to occur separately and in different directions in each eye 

(Krauskopf et al. 1960; Yarbus 1967).  
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4.2.6.3  - Ocular tremor     

Finally, ocular tremor or microtremor describes the smallest of all the fixational eye 

movements, with an amplitude equivalent to the diameter of a single cone 

photoreceptor in the fovea (Ratliff and Riggs 1950; Yarbus 1967). It is described as an 

irregular, wave-like motion of the eyes, sometimes referred to as physiological 

nystagmus (Riggs et al. 1953). Ocular tremor frequently occurs at an average rate of 

approximately 80-90 Hz (Bolger et al. 1999; Martinez-Conde et al. 2004), simultaneously 

with drift in intersaccadic periods (Martinez-Conde et al. 2004). Due to the small 

amplitudes and fast frequencies of these intersaccadic eye movements their metrics 

often lay beyond the minimum resolution and precision of older eye-trackers, but 

advancing technology has appeared to help resolve this issue and permit recording of 

intersaccadic eye movements beyond the noise of the eye-tracker (Ko et al. 2016).  

Additionally, drift and tremor create less retinal motion than microsaccades and may be 

less efficient at driving particular physiological and perceptual effects (Alexander and 

Martinez-Conde 2019). This may contribute to the fact that many fixational eye 

movement studies tend to focus on microsaccades or group fixational eye movements 

together (Martinez-Conde 2006; Otero-Millan et al. 2014; Krauzlis et al. 2017; Alexander 

and Martinez-Conde 2019). Drift and tremor also occur in overlapping time periods 

making neural distinction of the two fixations very difficult. The neural control of drift 

and tremor is therefore less well understood, but may be controlled by mechanisms in 

the superior colliculus and cerebellum (Krauzlis et al. 2017). However, in work by 

Snodderly et al. (2001), they indicated that neuronal firing patterns in the visual cortex 

may be more complex than previously thought with some neurons in V1 responding to 

saccades only, while others are activated during drift eye movements but most show a 

mixture of both responses.  
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4.3  - Measurement of eye movements  

Eye movements are recorded using eye tracking technology, with the majority of 

currently commercially available instruments being video-based, owing to their ease of 

use, participant comfort and higher levels of accuracy and precision compared to earlier 

and other currently available techniques (Hutton 2019). A high-speed video-based eye 

tracker (EyeLink 1000 Plus, SR Research, Canada) is used throughout this PhD to 

enable accurate gaze-contingent stimulus presentation in custom microperimetry test 

strategies. However, a brief description of other forms of eye tracking techniques, both 

earlier and other currently available devices, will be included in this section.  

 

4.3.1  - Eye tracking techniques  

Techniques for tracking eye movements were first developed towards the end of the 19th 

century, and used various ocular attachments (Wade and Tatler 2005). Delabarre (1898) 

created a crude contact lens worn on an anaesthetised eye, attached to a rotating drum 

via aluminium rods which marked eye movements on ‘smoke paper’. Huey (1898) used 

similar methods to better understand eye movements involved in reading. Both 

scientists were considered pioneers in the development of eye tracking technology but 

were criticised for their invasive methods, with future techniques focussing on reducing 

strain and potential damage to the eye (Richardson and Spivey 2004; Hutton 2019).   

 Although video-based techniques are by far the most commonly used for eye 

tracking research, other methodologies are still currently available. Electro-Oculography 

(EOG) is based on the discovery that eye position can be measured by placing 

electrodes on the skin around the eye to detect and record differences in the 

corneoretinal potential, produced as a result of increased negative charge at the retina 
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compared to the cornea, causing the eye to act as a dipole (Mowrer et al. 1936). The 

electrodes are usually placed above and below or the left and right of the eye, and detect 

the corneoretinal potential difference caused by horizontal or vertical rotations towards 

and away from each electrode, which can be plotted to determine gaze position (Young 

and Sheena 1975; Hutton 2019). EOG has a high temporal resolution, is relatively cheap 

and well established, but suffers from drift artefacts with time due to sweating between 

skin and the electrodes (Hutton 2019).  

 Search coils consist of a large scleral contact lens with a thin wire filament 

wrapped around it, which are worn by participants placed within larger wire coils to 

create a magnetic field (Duchowski 2017a; Hutton 2019).  Similarly to EOG, changes in 

eye position produce measurable voltage changes in the coil. Scleral search coils are 

considered as a gold standard eye tracking technique for the accurate eye position 

measurements they produce, however these are understandably uncomfortable for 

participants to wear and expensive (Duchowski 2017a; Hutton 2019).  

 Owing to its sharp boundary between the cornea and sclera, the reflection from 

the limbus can be easily detected and tracked (Young and Sheena 1975). An infrared 

light source is aimed at the limbus, vertically or horizontal orientated depending upon 

the eye position orientation to be tracked, and total reflected energy is detected by a 

sensor (Russo 1975). As the limbus rotates away from the sensor, a greater reflectance 

signal is produced from the increasingly exposed sclera with a reduced signal produced 

as limbus moves closer to the detector allowing eye position to be established. Limbus 

reflection is an accurate eye tracking technique but largely depends upon head 

movement, and requires head position to be stabilised by participants using a bite-bar 

(Russo 1975).  

 Dual Purkinje Image (DPI) eye trackers also rely on reflections from ocular 

structures. When light is shone into the eye, the first and second Purkinje images are 
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produced as a result of reflections from the front and back surfaces of the cornea, 

whereas the third and fourth Purkinje images are generated by reflections from the front 

and back surfaces of the lens respectively.  DPI eye trackers measure the first and fourth 

Purkinje reflections, since they move through the same distance during translational eye 

movements (moving in the x, y or z direction), but move different distances during 

rotational eye movements (rotating about the visual axis) (Duchowski 2017a). Although 

the DPI technique provides accurate measurement of fixational eye movements, 

similarly to limbus reflection trackers, it does not tolerate large head movements so 

often requires uncomfortable head stabilisation with bite-bars (Hutton 2019). 

 Video-based eye trackers typically track the first Purkinje image (i.e. corneal 

reflection) and/or the centre of the pupil, at a sampling rate determined by camera 

speed (~30-2000 Hz) which must be sufficiently high to reach the spatial and temporal 

resolution provided by search coil and DPI techniques (Hutton 2019). The EyeLink 

1000 plus used throughout this PhD employs an infrared light source to illuminate the 

eye and enable ‘dark pupil’ eye tracking, whereby a bright corneal reflection is produced 

and the pupil appears dark compared to the other ocular structures including the iris and 

sclera (SR Research Ltd. 2017). Conversely, ‘bright pupil’ systems place the infrared light 

directly on the optical axis of the camera, resulting in the commonly observed red-eye 

pupil effect in photographs (Nguyen et al. 2002). A camera resolution of 2 Megapixels is 

incorporated in the EyeLink system to track at a sampling rate up to 2000 Hz, 

dependent upon the eye tracker mount (desktop, binocular tower, primate, LCD arm or 

long range), monocular or binocular task, and whether the observer’s head is supported 

or free to move (remote). The desktop design is appropriate for the experimental set-up 

in the studies described in this thesis and was used in combination with the CRT 

monitor used to present the custom microperimetry tests. Using this setup (monocular 

tracking with head stabilisation) the maximum tracking rate of 2000 Hz at an accuracy 
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down to 0.15° (typically 0.25°-0.50°) may be achieved. On the other hand, sampling rate 

is limited to the monitor refresh rate (75 Hz) and accuracy is affected by numerous 

factors including pupil size and lighting condition, all of which will be described in detail 

in Chapter 8. The eye tacker is connected to a host computer (Host PC) which receives 

the tracked images from the camera in real-time, uses high speed analysis to determine 

the centre of the pupil and corneal reflection, and outputs screen co-ordinates to report 

eye position based on a calibration model. Stimuli for calibration, validation and the 

experiment itself are presented to observer on a screen termed the Display PC (CRT 

monitor in this work). Equipment and participant set-up in addition to calibration and 

issues affecting eye tracking accuracy will be discussed in detail in section 8.3.2. Other 

forms of video-based eye tracking technology are available, including light and portable 

glasses worn by participants (Tobii Pro Glasses 3, Tobii AB, Sweden), but these do not 

offer the high sampling rate and data quality required in this work. 

 Perimeters typically use video eye monitoring to enable direct visualisation of the 

patient’s eye prior to testing to ensure correct alignment with the centre of the trial lens 

holder, and monitoring fixation throughout testing. Gaze tracking can also be used to 

determine if the patient is fixating well on the central target during contrast threshold 

measurements. A gaze graph can be observed, which plots the magnitude of deviation in 

eye position from the fixation target as a line graph, including blinks (fig. 4.5). Fixation 

losses are also used as reliability index, determined using the Heijl-Krakau method (Heijl 

and Krakau 1975). The position of the physiological blind spot is estimated and ~5% of 

presented stimuli are projected to this location, with the assumption that the observer is 

fixating well on the central target and should not see these stimuli. As a result, if fixation 

losses exceed 20% of trials, fixation and therefore test reliability is assumed to be poor 

(Carl Zeiss Meditec Inc. 2003). This method is however subject to inaccuracies since it 

relies on accurate plotting of the patient’s blind spot, with many of these catch trial 
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measures occurring within the first half of the examination. Microperimetry devices use 

either SLO or an infrared camera for fundus tracking and gaze-contingent stimulus 

presentation. This is reviewed with respect to the range of available microperimetry 

instruments in chapter 3.3.  Fixation stability during microperimetry is typically 

examined by reporting the number of fixations within a 2° and 4° diameter circle (Fujii 

classification, see section 3.3.1 for full description) or the bivariate contour ellipse area 

(BCEA), described in detail below (see section 4.2.1).  

 

	

-	 Fig. 4.5:  Gaze graph example from the Humphrey Field Analyser demonstrating good, 

steady fixation with numerous blinks. Figure adapted from Carl Zeiss Meditec Inc. 

(2003). 

  

4.4  - Importance of eye movements in perimetry  

During perimetric testing, observers are required to fixate as steadily as possible on a 

central target whilst stimuli are presented peripherally, in order to construct a sensitivity 

map of the visual field for the test eye. During this task, stable fixation has been shown 

to be important since saccadic eye movements away from the central target can affect 

contrast threshold measurement. Greater fixation instability has been shown to result in 

higher contrast thresholds (Leibowitz and Appelle 1969) and increased measurement 
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variability (Hirasawa et al. 2016). In a study investigating the utility of gaze tracking as a 

measure of visual field reliability in glaucoma patients, although high rates of fixation 

losses increased mean deviation values, eye movements greater than 3° from the fixation 

cross were significantly related to lower mean deviation values (Ishiyama et al. 2015). 

Nonetheless, it is clear that fixation instability affects perimetric results.  

Microperimetry attempts to help resolve the issue of eye movements through the 

compensation for fixation losses from the central target with a gaze-contingent testing 

paradigm. This said, similar structure-function relationships (Montesano et al. 2020a) 

and equivalent device precision (Montesano et al. 2019) have been demonstrated with 

the Compass microperimeter (gaze-contingent with retinal tracking) and HFA (non-

gaze-contingent test) in glaucoma patients. Reduced test-retest variability was identified 

with the Compass for sensitivities ≥ 15 dB, but measurement variability was greater than 

the HFA for sensitivities between 11 – 14 dB and equivalent <10 dB (Montesano et al. 

2019). This implies that the advantage of adjusting for fixation instability may be lost to 

measurement variability in patients with visual field defects of lower retinal sensitivities. 

Microperimeters can only track and compensate for fixation losses up to a limited 

temporal rate of correction, so the value of quantifying fixation stability is still important, 

particularly in patients who find maintaining stable fixation more difficult, like in 

macular disease. Fixation stability is also important indicator of visual function and 

ability to perform daily tasks such as reading in a variety of ocular diseases affecting the 

macula, including AMD, which will be discussed in more detail in section 4.2.2.1.  

 

4.4.1 – Defining fixation stability 

The definition of fixation stability depends upon the task at hand. Observers may be 

asked to simply maintain gaze of a static target requiring involuntary fixational eye 
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movements (microsaccades, drift and tremor), or they may be instructed to explore a 

static visual scene or read text during which fixations are separated by saccades, periods 

sometimes referred to as inter-saccadic intervals (Castet and Crossland 2012). In this 

thesis fixation stability to a stationary target will be examined, this topic forming the 

focus of the literature review in this section. 

 In order to maintain fixation on a static target, we make fixational eye 

movements including microsaccades, drift and tremor, described in detail in section 

4.1.1. Additionally, fast saccades away from the target followed by a return saccade or 

drift separated by variable durations have also been observed in healthy visual systems, 

termed saccadic intrusions (Abadi et al. 2003). These are also involuntary and consist of 

conjugate, horizontal saccades, typically 3-4 times larger than microsaccades. Four types 

of saccadic intrusions exist, classified according to wave form, including (i) square wave 

jerks or monophasic square wave intrusions, (ii) biphasic square wave intrusions, (iii) 

single saccadic pulses, and (iv) double saccadic pulses, with square wave jerks being the 

most common (Abadi and Gowen 2004). Otero-Millan and colleagues (2011) proposed 

that the ‘ideal’ square wave jerk should consist of two saccades of equal magnitude, have 

exactly opposite directions and be separated by a short interval of approximately 200 ms. 

 Fixation characteristics are typically investigated for periods over which 

observers are instructed to focus on a static target for a fixed trial period (Bellmann et al. 

2004; Dunbar et al. 2010; Thaler et al. 2013; Samet et al. 2018). All eye position data 

collected within this period is typically included in fixation stability analysis. Alternatively, 

but less commonly, the mean position of each fixation can be determined and fixation 

stability quantified based on this distribution, rather than that of every single eye 

position registered (Castet and Crossland 2012). This method averages distant fixations 

of short duration which may be outliers but useful to consider. Nonetheless, it is rarely 

used in research studies.  
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 There is minimal investigation of fixation stability where stimuli are concurrently 

presented peripherally to the central target, even though this is fundamental to the task 

at hand during perimetry and microperimetry. However, there has been some studies 

comparing the measurement of fixation stability on a specific target to that during 

microperimetric examination in patients with macular disorders including AMD and 

controls, namely static versus dynamic fixation stability. Unsurprisingly, fixation 

instability was greater during microperimetry testing (Longhin et al. 2013; De Rosa et al. 

2014; Fragiotta et al. 2018)., since stimuli peripheral to the central target act as 

unavoidable distractors in order determine macular sensitivity at specific test locations. 

Additionally, test duration or the magnitude of data obtained for static fixation stability 

is much less than that for a full microperimetry examination leaving less opportunity for 

saccadic eye movements. This said, Longhin et al. (2013) highlighted the value of both 

parameters in the evaluation of fixation stability, since the detection of clinical fixation 

stability improved with the dynamic modality for all patient groups tested (diabetic 

macular edema: 41 eyes, vitreoretinal interface disease: 13 eyes, AMD: 60 eyes, primary 

open-angle glaucoma: 35 eyes) in comparison to controls, yet static analysis of BCEA 

may provide smaller quantitative changes in fixation stability. Furthermore, dynamic 

fixation stability may be more clinically useful in understanding fixation behavior and the 

interpretation of retinal sensitivity loss in microperimetry testing. 

 

4.4.1.1  - Bivariate contour ellipse area    

As previously discussed in chapter 3, fixation stability is most commonly expressed in 

terms of the elliptical area representing the standard deviation of eye positions during 

which the eye is fixating for a certain period of time, referred to as the bivariate contour 

ellipse area (BCEA). It is calculated in min arc2 using equation 4.1, where σH and σV are 
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the standard deviations of eye position over the horizontal and vertical meridians 

respectively, and ρ is the product-moment correlation of these two components 

(Steinman 1965).  

 

 

The confidence limit for the ellipse is determined by the value given by k, where P is the 

probability that the eye position data will fall within this elliptical area, calculated using 

equation 4.2, and e is the base of the natural logarithm (Steinman 1965). 

 

Various values of k and therefore P are used to represent the percentage of eye position 

data that fall within the ellipse during the period of fixation on a given target. Previously 

used values of P include 63.2% (Steinman 1965), 95.4%  (Morales et al. 2016; Alibhai et 

al. 2020; Asfaw et al. 2020) and 99.6% (Amore et al. 2013b; Fragiotta et al. 2018). The 

MP-1 microperimeter automatically produces BCEA results corresponding to 1 (68.2%), 

2 (95.4%) and 3 (99.6%) SDs (Nidek Technologies Srl. 2013), with the MAIA presenting 

only 63% and 95% BCEA (Centrevue 2013). However, a probability area incorporating 

68.2% of fixations when k=1.14 (see example fig. 4.6) appears to be the most commonly 

used throughout the literature (Crossland et al. 2004b; Kumar and Chung 2014; Bedell et 

al. 2015; Liu et al. 2015a; Krishnan and Bedell 2018; Samet et al. 2018; Bhattarai et al. 

2019). Morales et al. (2016) measured 68% and 95% BCEA values in healthy observers 

in addition to Fuji classification (see section 3.3.1), all automatically measured and 

reported with the MAIA, and indicated BCEA incorporating 95% of fixations as an 

 BCEA = 2kπσHσV(1 – ρ2)1/2 (4.1) 

 P = 1 – e-k (4.2) 
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accurate, age-dependent measure of fixation stability. However, these findings were 

based on a cohort of healthy observers, and considering poorer fixation stability 

associated with macular disease, using a probability area of 95% would likely be too 

stringent (Kumar and Chung 2014; Liu et al. 2015a), and 68% BCEA was still found to 

be valid. Furthermore, BCEA does assume a normal distribution of eye position data, 

but Steinman (1965) stated the small deviations from this normal distribution he 

observed during his experiments reflect typical features of eye movements, and BCEA 

appeared to be a good approximation of variability of the fixating eye about its mean 

position.  

 

-	Fig. 4.6:  BCEA in min arc2 encompassing 68% of fixations for a healthy observer 

fixating an annulus target. Fixations are plotted on a larger scale ranging between -2000 

and 2000 min arc (left), and a smaller scale of -200 to 200 min arc (right). 

 

4.4.1.2  - Isolines method    

In order to overcome the assumptions made by BCEA calculations, Whittaker et al. 

(1988), developed an alternative method to quantify fixation stability that fitted his non-
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parametric dataset and would be unaffected by the distance between fixation positions 

and outliers, now referred to as the isolines method (Castet and Crossland 2012; Kumar 

and Chung 2014). This method does not make any assumptions about the underlying 

nature of the distribution of eye positions, and may therefore be preferable in cases 

where multiple PRLs are present, which have been identified in those with AMD 

(Crossland et al. 2004b; Crossland et al. 2005; Schuchard 2005) and depend upon the 

lighting condition (Lei and Schuchard 1997) or visual task (Sunness et al. 1995a; 

Crossland et al. 2004a). On the other hand, it is possible to measure fixation stability of 

multiple PRLs by reporting the sum of the local BCEAs for each PRL (Crossland et al. 

2004b; Crossland et al. 2004a).  

 The isolines method requires a two-step process to be followed. The first step 

involves a process known as kernel density estimation (KDE) to approximate the 

probability of eye position density, which requires a smoothing parameter (kernel 

bandwidth or window width). The second step requires a cut-off density to be chosen so 

that a certain percentage (typically 68%) of the fixation points have a higher density 

estimate than this level, referred to as an isoline, contour or equidensity line, where 

fixation stability is defined as the area within this line (Castet and Crossland 2012). Plots 

of grey levels are used to indicate increasing density of eye position data, with black 

usually being the highest density (fig. 4.7). In summary, the isolines method refers to the 

area enclosing a defined proportion of fixation points, whereas BCEA describes the area 

of an ellipse that encloses a set proportion of fixation points around the mean fixation 

location. 
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-	Fig. 4.7:  Scatterplot of 100 points drawn from a bivariate Gaussian random variable.  

Probability density is mapped to grey levels. Solid lines show 68% and 95% isolines, 

representing local areas of 5.2° and 12° respectively. The dashed line demonstrates a 

68% BCEA of 4.7°, included for reference. Reproduced from code obtained from 

Castet and Crossland (2012). 

 

4.4.1.3  - Other methods    

In addition to BCEA, all microperimeters classify fixation behaviour using the Fujii 

classification system (Fujii et al. 2002), with the exception of the OCT/SLO  (Optos, 

Inc., Dunfermline, Scotland, UK) which uses this system only and does not report 

BCEA. Although relatively universal in nature and simple to understand, the Fujii 

system falls short in scientific background hindering its clinical significance. The pros 

and cons of this classification system are described in more detail in section 3.3.1. 

 Metrics of other features of fixational eye movements have been used to 

quantify fixational stability on a static target. Since microsaccades are the largest of 

fixational eye movements and are therefore easier to detect, especially following the 
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introduction of high-resolution eye-trackers that are relatively easy to operate (Poletti 

and Rucci 2016), characteristics of microsaccades feature as outcome measures in 

numerous fixation stability studies. The rate, amplitude (Steinman 1965; Steinman et al. 

1967; McCamy et al. 2013; Thaler et al. 2013; Shaikh et al. 2016) and velocity of 

microsaccades (Ciuffreda et al. 1979b; Kumar and Chung 2014; Chung et al. 2015), have 

all featured as parameters to measure fixation stability in such published work. The 

interval between successive microsaccades has been investigated to aid understanding of 

fixation behaviour in anisometropia (Shi et al. 2012). Tremor has found to be too small 

to be detectable by even more modern eye-trackers, such as the Rodenstock SLO 

(Kumar and Chung 2014; Chung et al. 2015), but slow drift rate, amplitude and velocity 

have been previously examined in relation to fixation stability, and defined as eye 

movements between two successive microsaccades (Steinman 1965; Kumar and Chung 

2014; Chung et al. 2015; Shaikh et al. 2016).  

 In more recent studies investigating fixation behaviour, novel parameters of 

fixation stability have been reported. In order to depict the distribution of eye position 

data around the mean position of points (barycentre, i.e. PRL centre) during fixation, the 

Euclidean distances of each data point from the PRL can be averaged to determine the 

Mean Euclidean Distance  or MED (Montesano et al. 2018). Although elliptical 

distribution of eye position data is not assumed as with BCEA, MED is still a spatial 

characteristic of fixation stability. To comprehend temporal features of fixation during 

microperimetry in glaucoma patients, Montesano et al. (2018) averaged the Euclidean 

distances of each data point from the subsequent eye position location to determine 

how frequently each observer was changing fixation independently from the spatial 

spread of fixation locations, termed the Sequential Euclidean Distance (SED, fig, 4.8). 

More simply but less informative, the mean deviation (Hirasawa et al. 2018) or the 

frequency of deviation (Hirasawa et al. 2016) in eye position from the fixation target has 
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also been previously analysed as spatial and temporal measures of fixation stability 

respectively. 

 

-	Fig. 4.8:  Differences between spatial and temporal parameters of fixation stability. 

Both plots are two fictional fixation patterns (n=30). Red circles represent individual 

displacements in fixation and blue lines join subsequent locations in the sequence. In the 

left plot, blue lines connect each fixation position in relation to the previous location in 

the sequence. Conversely, the fixation pattern on the right demonstrates how fixation 

actually shifts randomly from one point to the other whilst fixating on a stationary target 

during microperimetry. As a result, when SED is calculated as the average of distances 

between successive points in the sequence (right), the value is larger and depicts the 

continuous movement of fixation from one point to the other. Values for BCEA and 

MED only account for fixation point locations, and do not change between the two 

plots. Figure adapted from Montesano et al. (2018). 

 

4.4.2 – Factors impacting fixation stability  

Fixation stability can be measured and reported using various methods described above. 

Yet in terms of the measurement itself, multiple factors can influence fixation behaviour. 
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These include the presence and type of ocular disease, uncorrected or corrected 

refractive error, fixation target selection and the trial period for fixation stability 

measurement, all of which will be discussed in detail in the following sections.  

 

4.4.2.1  - Ocular disease    

Fixational eye movements have been found to be abnormal in a number of ocular 

diseases leading to increased fixation instability. Since AMD affects the central retina, it 

is unsurprising that fixation has been reported to be impaired. It is well established that 

BCEA is larger in varying disease stages of age-related macular degeneration compared 

to healthy controls (Bellmann et al. 2004, Kumar and Chung 2014, Liu et al. 2015, 

Fragiotta et al. 2018, fig. 4.9a). Interestingly, the BCEA of the worst-seeing eye in 20 

patients with AMD (bilateral in 90% of participants) has been found to be 84-100% 

better in binocular compared to monocular viewing conditions, but is still worse 

compared to the better-seeing eye which is thought to be due to larger drifts of the 

worst eye (Tarita-Nistor et al. 2011). In patients with previously untreated neovascular 

AMD (sudden vision loss history ≤ 2 months), BCEA in eyes treated with intravitreal 

Lucentis (ranibizumab) injections improved more significantly (P = 0.004) than BCVA 

(P = 0.01), although changes in both BCEA and VA with pre-treatment values used as 

covariates were insignificant (González et al. 2011). Nonetheless, fixation stability 

determined using BCEA has consistently been found to be significantly improved in 

eyes with wet AMD post treatment, and a useful indicator of success if low vision 

rehabilitation was performed (Pearce et al. 2011b; Mathew et al. 2012; Grenga et al. 

2013). Expectedly, larger BCEA values have been found in other forms of macular 

disease including Stargardt’s disease, Best’s disease and X-linked retinoschisis 
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(Bethlehem et al. 2014). Other characteristics of fixation stability have also been found 

to be abnormal in macular disease.  

 

-	Fig. 4.9:  Boxplots comparing fixation stability between patients with macular disease 

and older adults, quantified using two different parameters: (A) BCEA (left), (B) the 

amplitude of microsaccades. The upper and lower bound of each box represent the 95th 

and 5th percentiles of the distribution, respectively. The diamond symbol represents the 

mean value. Figure adapted from Kumar and Chung (2014). 

 

 Kumar and Chung (2014) reported that primarily the amplitude of 

microsaccades (fig. 4.9b), but also partly due to slow drift amplitude, are responsible for 

the high levels of fixation instability observed in a cohort of 16 patients with macular 

disease (AMD: n=13, Stargardt’s: n=3). Additionally, the microsaccadic rate and 

velocities of microsaccades and slow drift were not significantly different between 

observers with macular disease and age-similar controls. Since the velocities of 

microsaccades and slow drift were not correlated with fixation stability, the group 

excluded excessive retinal image motion as a source for poor fixation in macular disease 

(Kumar and Chung 2014). In interesting work by Seiple et al. (2013), abnormal fixations 

and eye movement patterns when viewing an image of a face were demonstrated in a 
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group of nine observers with dry or wet AMD. Instead of concentrating fixations on 

internal face features (eyes, nose and mouth), AMD participants were found to have 

significantly more fixations on the external features (38% vs 13%) which may contribute 

to difficulties with face perception (Seiple et al. 2013).  

 Over time, and particularly when diabetes is poorly controlled, damage can occur 

at the macula and difficulty in fixating static targets can result. Characterisation of 

fixation behaviour has helped better understand visual dysfunction in diabetic 

retinopathy. In general, fixation stability is worse in those affected by diabetic 

maculopathy compared to controls (Kube et al. 2005; Longhin et al. 2013). Over half 

(59.5%) of patients with untreated diffuse macular edema (n=84) have been reported to 

have unstable fixation, classified using the MP-1, with this being significantly related to 

foveal thickness and BCVA (Carpineto et al. 2007). Conversely, Vujosevic et al. (2008) 

did not identify any significant influence of various characteristics of diabetic macular 

edema, including location and cystoid features on fixation stability, but did however 

when subfoveal hard exudates were present. The importance of understanding fixation 

in diabetic retinopathy has been highlighted in studies relating fixation stability to daily 

living tasks such as reading in diabetic macular edema patients treated with laser 

photocoagulation (Pearce et al. 2014), and even as a potential indicator of dementia in 

those affected by type 2 diabetes (Simó-Servat et al. 2019).  

 Although studies throughout the literature are limited, other forms of ocular 

disease known to affect fixation include glaucoma. In scotomas that threaten fixation, 

patients with advanced glaucoma have been observed to adopt PRLs (Kameda et al. 

2009). Although generally thought as an ocular disease that affects the peripheral visual 

field, more recent evidence has suggested that damage to retinal ganglion cells in the 

macula may be common in all stages of glaucoma (Hood et al. 2013), thus making the 

presence of PRLs in glaucoma as an adaptive mechanism to improve visual function less 
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surprising. In a cohort of patients with early and moderate primary open angle glaucoma 

(POAG, n=39), Shi et al. (2013) found fixation to be predominantly central. However, 

the authors found dynamic fixation stability (Fujii classification) reported by the MP-1 to 

be significantly less stable during microperimetry testing than in control eyes (n=22), 

and correlated with sensitivity loss in all regions examined with the MP-1 and with mean 

defect measured with the Octopus 101 perimeter. In a broader investigation of fixation 

stability behaviour in a cohort of various ocular diseases including POAG (diabetic 

macular edema: n=41, vitreoretinal interface disease: n=13, AMD: n=60, POAG: n=35), 

fixation was still significantly worse than controls using Fujii classification during a 

dynamic microperimetry task, but similar to controls for a static fixation task and by 

calculating BCEA for both tasks (Longhin et al. 2013). This is in agreement with 

findings presented by Montesano and colleagues (2018), who also found similar BCEA 

values between controls and glaucoma patients in an age-corrected multivariate analysis 

during a dynamic microperimetry task with the Compass. Intriguingly however, 

statistically significant differences in the temporal quantification of fixation stability (log 

SED) depicting changes in scanning pattern were observed between glaucoma patients 

and controls, in addition to correlations between log SED and central mean deviation 

only (Montesano et al. 2018). 

 Many eye movement studies have investigated fixation characteristics and their 

resulting impact on fixation stability in amblyopia and strabismus. Earlier work revealed 

drift of larger amplitudes and increased velocity in patients with amblyopia with and 

without constant strabismus, in addition to intermittent strabismus observed during 

fixation tasks (Ciuffreda et al. 1979a; Ciuffreda et al. 1980). Interestingly, saccadic 

intrusions are predominately related to strabismus without amblyopia (Ciuffreda et al. 

1979a) but can be elicited in amblyopia when patients are instructed to fixate a target in 

the light, and supressed in both conditions when asked to hold fixation on a given target 
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(Ciuffreda et al. 1979b). More recent work has revealed that amblyopic eyes demonstrate 

fewer microsaccades (fixational saccades) of larger amplitude and increased peak 

velocities with longer intervals between each one compared to healthy controls, this 

being hypothesised to be related to abnormal visual processing and reorganisation in the 

visual pathway (Shi et al. 2012). These findings have also been replicated in a paediatric 

cohort, and also found to be correlated with increased amblyopia severity (Shaikh et al. 

2016). Taking these studies into consideration, it is therefore unsurprising that BCEA 

may be significantly enlarged in those with anisometropic or strabismic amblyopia 

(Chung et al. 2015; Raveendran et al. 2019). In the non-amblyopic eye however, BCEA 

is relatively similar compared to controls (Chung et al. 2015; Raveendran et al. 2019) 

providing further support that reduced visual acuity and fixation instability are related in 

amblyopia. Despite this, simulated reductions in VA do not significantly reduce BCEA 

in the non-amblyopic eye or in controls, suggesting that altered neural processing and 

structure in the amblyopic visual pathway may be the underlying cause of fixation 

instability in amblyopia (Raveendran et al. 2019).  

 In addition to amblyopia, myopia can result in unstable fixation. When refractive 

error is uncorrected, myopes unsurprisingly make microsaccades of larger amplitude 

compared to when refractive error is corrected, with this being greater in larger degrees 

of myopia due to increasing effect of visual blur (Ghasia and Shaikh 2015). However, 

this group also reported microsaccade frequency to be similar between corrected and 

uncorrected conditions. Since visual adaptation leads to saturation of neural activity and 

the production of microsaccades, these findings imply that visual blur due to 

uncorrected refractive error does not result in saturation of neural activity in the retina 

(Ghasia and Shaikh 2015). Even when refractive error is corrected, fixation stability has 

been found to be still significantly worse in myopes compared to controls during a visual 

acuity task in photopic and mesopic conditions, implying reduced optical quality in 
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myopic eyes (Coletta et al. 2016). In interesting work by Zhu and colleagues (2019), 

increasing axial length was found to be significantly correlated with larger BCEA in an 

older cohort of high myopes wearing no refractive correction (axial length: 26.00-36.42 

mm), but quantified using the MAIA which enabled auto-focus spherical refractive 

correction up to -15 DS. Additionally, the orientation of the fixation ellipse major axis 

was found to be rotated superiorly with increasing axial length, this hypothesised to be a 

compensatory mechanism to maintain the visual axis within the pupil boundary as a 

result of general inferior rotation observed in eyes with longer axial lengths (Zhu et al. 

2019).  

 Ultimately, the state of ocular health and refractive error can profoundly affect 

fixation behaviour and the ability to maintain fixation on a steady target. With the 

exception of amblyopia and myopia, many of the ocular diseases discussed above tend 

to affect eyes with advancing age. Despite this, Kosnik et al. (1986) report fixation 

stability (expressed as BCEA) and the ability to maintain fixation over a specific trial 

period (12.8 s) for successive trials (total trial number = 18) to be unaffected by age 

(Kosnik et al. 1986).  

 

4.4.2.2  - Fixation target     

Fixation targets of various characteristics in terms of size, shape, luminance and 

chromaticity have been used in studies examining fixation, yet they are known to 

themselves influence fixation stability. Microsaccade rate has been demonstrated to 

reduce linearly with increasing target size (Steinman 1965; McCamy et al. 2013). Yet 

smaller fixation targets have been found to promote better fixation stability (Steinman 

1965; Thaler et al. 2013; Hirasawa et al. 2016). Despite observers making more 

microsaccades when viewing a smaller fixation target, the microsaccades are of smaller 
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amplitude and thus such targets result in better fixation stability (McCamy et al. 2013). 

Interestingly, Hirasawa and colleagues (2016) found significantly smaller BCEA values 

with a Goldmann size III spot target (0.43° diameter) compared to cross and ring targets 

of diameters 3.5° and 5.4° respectively. Yet, the frequency of small deviations in eye 

position (£0.5°) decreased significantly with increasing target size, with this effect being 

reversed for deviations from the fixation target larger than 0.5° but failing to reach 

statistical significance. Furthermore, McCamy et al. (2013) interestingly found that 

although microsaccade magnitude increased with larger targets, the frequency of short 

wave jerks significantly decreased in a linear fashion and the interval between the initial 

and return saccade increased with bigger target size, hypothesised to be a result of 

microsaccades possibly becoming less horizontal with target size.  

 Various shapes and arrangements of targets have been employed to promote 

steady fixation for the measurement of central visual field sensitivity using perimetry and 

microperimetry. The MAIA is currently the most popular choice for microperimetry 

testing, and uses a red fixation annulus, with an outer diameter of 1° and inner diameter 

of ~0.7° and four gaps ~0.15° in width at diagonal locations (CenterVue 2016, fig. 

4.10d). A red fixation cross is typically used in the MP-1 and MP-3, with the size and 

colour customisable or alternatively a circle can be chosen (Nidek Technologies Srl. 

2013; Nidek Co. 2020). Diameters of 1° (Shah and Chalam 2009; Chen et al. 2011; 

Igarashi et al. 2016; Balasubramanian et al. 2018; Palkovits et al. 2018), 2° (Charbel Issa 

et al. 2007; Vingolo et al. 2009; Pacella et al. 2012) or 3° (Crossland et al. 2009) and 10 

min arc thickness have been used for the cross or circle in previous studies. A red cross 

of height of 1° or 1.5° (Rohrschneider et al. 2005; Dunbar et al. 2010) with the SLO-101, 

and 2° with the OCT/SLO (Liu et al. 2015a) have been also used to examine fixation 

stability (68% BCEA). 
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-	Fig. 4.10: A-C: Fixation targets used in experiment two of study by Thaler et al. (2013). 

D: MAIA target included for reference. 

 

 Although a range of target shapes are used to perform microperimetry in both 

clinical and research settings depending upon instrument choice and the task at hand, 

better fixation stability has been demonstrated with certain target shapes over others. 

Thaler et al. (2013) found fixation stability to be generally better with a range of smaller 

targets (experiment 2, fig. 4.10a-c) compared larger versions of the same targets 

(experiment 1, maximum diameter of 1.5°), but microsaccade rate to be consistently 

reduced across both tests with a bull’s eye and cross hair combination (target ABC, fig. 

4.9). Furthermore, Bellmann et al. (2004) demonstrated that pericentral targets (T3-T5, 

fig. 4.11) resulted in less stable fixation in healthy controls (n=10) and patients with 

bilateral foveal-involving late AMD (n=12), compared to central targets (T1, T2 & T6, 

fig. 4.11). Pericentral targets produced larger BCEA values in both cohorts, with this 

reaching statistical significance in the control group only. Larger BCEA values for 

pericentral targets in the AMD group may have failed to reach statistical significance due 

to excessive measurement variability since the patients tested had advanced bilateral 

central vision loss. Additionally, the findings suggest that pericentral targets offer no 

advantage in promoting fixation stability over central targets. In a similar manner to 

fixation stability, target shape has also been shown to influence measured central retinal 
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sensitivity. In elegant work by Denniss and Astle (2016), absence of the MAIA fixation 

annulus increased retinal sensitivity at the central test location (0,0) by ~2-3 dB on 

average in healthy observers. The group indicated this may be a result of masking of 

receptive fields involved in stimulus detection at the central test location by the fixation 

target, thereby reducing measured threshold by a lateral inhibitory processes (Denniss 

and Astle 2016a). Similarly, Nizawa and colleagues (2017) found statistically significant 

increases of ~5-6 dB in MP-3 microperimetric sensitivity at a test location of (0,0) with a 

2° diameter circle target compared to a 2° fixation cross. In this study, the cross directly 

overlapped the central test location whereas the fixation circle was larger than the MAIA 

leading to less masking of receptive fields and possibly accounting for the larger mean 

sensitivity differences between target types, compared to sensitivities obtained with and 

without the MAIA fixation target.  

	

-	Fig. 4.11: BCEA measured over 10 seconds with six different target shapes: (A) T1 = 

1° cross, T2 = 1° filled circle, T3 = small 4-point diamond with a 3° separation, T4: 

large 4-point diamond with a 7° separation, T5 = large cross-over whole-screen diagonal 

with open 1° centre, and T6 = 1° letter x. T3 and T4 are the same targets used by the 

Humphrey Field Analyser. Boxplots of log BCEA for each target shape are shown for 

(B) controls and (C) AMD patients. Figure adapted from Bellman et al. (2004).  
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 Altering target luminance does not significantly affect fixation stability on a 

stationary target (McCamy et al. 2013). When performing investigations on the effect of 

changing target parameters on fixation, Steinman (1965) found log BCEA values to 

decrease significantly with increasing target luminance in one of the only two observers 

examined. While interesting, both sample size and the use of only three target luminance 

levels limit the reliability of these findings. The same work also reported no statistically 

significant effect of different target colours on fixation stability, although fixation was 

most stable with a red target compared to blue and white (Steinman 1965). Other work 

has reported fixation stability, measured using standard deviation of eye position data, is 

unsurprisingly immune to changes in target contrast (Ukwade and Bedell 1993). The 

authors also looked at the effect of dioptric blur and indicated that uncorrected 

refractive error does not significantly affect target fixation (Ukwade and Bedell 1993).  

 

4.4.2.3  - Test duration     

Another important factor to consider when examining fixation stability is test duration. 

BCEA values measured over a 30 second trial period have been shown be approximately 

double those obtained for a 10 second fixation period for healthy controls and observers 

with late AMD (Bellmann et al. 2004). Unsurprisingly, fixation stability quantified using 

the area enclosed by the 68% isoline of eye position distribution was strongly dependent 

on time in control observers, with this becoming significantly worse over a fixed trial 

period of 70 seconds, and to a lesser extent but still very significantly (~14%, P<0.0001) 

for eight different durations between 0.5 and 64 seconds presented randomly (Krishnan 

et al. 2017).  On the other hand, fixation stability appears to be relatively independent of 

time if the trial period is short (~10-15 seconds). When examining the effect of age and 

fixation stability on functional magnetic resonance imaging scans on the primary visual 
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cortex in six younger and six older healthy observers, no significant change in BCEA 

calculated from eye tracker (EyeLink I) eye position data was found in the first 10 

seconds of each 1-minute trial period for binocular fixation (Crossland et al. 2008). 

Similarly, in a cohort of controls (n=17) and observers with various degrees of AMD 

(bilateral AMD: n=15, unilateral AMD: n=2), 68% BCEA quantified for 3-second 

intervals did not vary significantly over 15 seconds during binocular viewing (Samet et al. 

2018). This finding was replicated for monocular fixation in the control group and with 

the better eye in the AMD group, but BCEA significantly decreased with time in a linear 

fashion during monocular fixation with the worse eye (Samet et al. 2018).  
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5.  Spatial summation 

  

The human visual system has a dynamic range of 14 log units of illumination, enabling 

adaption over a range of 10-6 – 108 cd/m2 (Hood and Finkelstein 1986; Ferwerda et al. 

1996), illustrated in figure 5.1. Summation or integration of light photons over both 

space and time (spatial and temporal summation, respectively), is fundamental in 

facilitating the visual system to operate over such a vast range of conditions. As a result, 

the measurement of contrast thresholds with stimuli of a chosen area and duration, 

under pre-determined adaptation conditions is mediated by spatial and temporal 

summation. Additionally, the integration of light energy by the visual system in the 

spatial and temporal domain is not constant. Published literature within the areas of 

spatial and temporal summation will be reviewed in this chapter and the one to follow 

(chapter 6) respectively.   

 

 

- Fig. 5.1: The relation between luminance and function in the human visual system. 

Figure adapted from Hood and Finkelstein (1986).  
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5.1  - Defining spatial summation 

The detection of spot stimuli and therefore contrast threshold measurement, is 

dependent upon stimulus area. This relationship is described by Ricco’s law, where the 

product of stimulus luminance (I) and stimulus area (A) is constant (k) at threshold 

(Ricco, 1877, eq. 5.1). 

For stimuli of sufficiently small area, light energy is linearly summed by the visual system 

and complete spatial summation is observed. For stimuli exhibiting complete spatial 

summation, contrast at threshold is inversely proportional to stimulus area such that a 

50% decrease stimulus intensity would require a stimulus doubled in area to reach 

threshold. This reciprocal relationship does not however hold for all stimuli with the 

largest stimulus area for which Ricco’s law is satisfied is the upper limit of complete 

spatial summation, termed Ricco’s area (RA) or the critical area. When log contrast 

threshold is plotted against log stimulus area, a best fit line of slope -1 is observed (red 

line, fig. 5.2) where Ricco’s law is adhered to. For stimulus areas exceeding the upper 

limit of complete spatial summation, Ricco’s law breaks down resulting in a slope 

gradient >-1 and £0, referred to as partial or probability summation (blue line, fig. 5.2).  

  I × A = k  (5.1) 
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- Fig. 5.2: Example spatial summation plot using experimental data from study one 

(chapter 9), demonstrating complete (shaded area) and partial summation. Red dashed 

line indicates Ricco’s area. Increasing stimulus size with respect to centre/surround 

receptive field size of retinal ganglion cells (purple circles) is also included for reference.   

 

 The extent of partial summation exhibited is typically quantified by measuring 

the gradient of the second line slope in the spatial summation function (fig. 5.2). 

Similarly to complete spatial summation, other empirical laws have been proposed to 

describe partial summation. Piper (1903) stated that the product of stimulus contrast and 

the square root of stimulus area is constant at threshold (eq. 5.2). When Piper’s law is 

satisfied, stimulus contrast and the square root of stimulus area are inversely 

proportional, such that a slope of -0.5 is observed for incomplete summation when log 

contrast threshold is plotted against log stimulus area.  
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Although Piper’s law is most commonly cited in psychophysical studies investigating 

spatial summation, it appears to hold only for a very limited range of small range of 

stimulus areas (Graham et al. 1939; Barlow 1958; Wilson 1970). Given this, other laws 

have been proposed to describe partial summation with different chosen values of k, 

including Pieron’s law where k=0.3 and Goldmann’s approximation where k=0.8 (cited 

by Latham, Whitaker and Wild, 1994). These however, all inappropriately describe the 

region of partial summation by a single slope value (Schefrin et al. 1998; Volbrecht et al. 

2000b; Khuu and Kalloniatis 2015). Beyond partial summation, there reaches a point 

where contrast thresholds become independent from stimulus area. The slope of the 

spatial summation function becomes zero, and Weber’s law is obeyed (k=0). Evidence 

for no observed spatial summation depends upon the range of stimulus areas and 

experimental set-up utilised.  

 

5.2  - Psychophysical examination of spatial summation 

Typically, spatial summation is examined through the presentation of spot stimuli of 

different areas, all of fixed (constant) duration and modulating in luminance, at selected 

test locations. Contrast thresholds are subsequently measured for each stimulus area, 

and log contrast threshold is plotted against log stimulus area to generate a spatial 

summation function for the conditions of interest (fig. 5.2).  

 Many variations in the psychophysical method for measuring spatial summation 

have been described in the literature. Some studies have used Gabor patches (Zele et al. 

2006) instead of spot stimuli, while others have compared spatial summation observed 

for stimuli presented at adjacent locations compared to when they are presented 

 I × √A = k (5.2) 
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separately (Beitel 1934). A number of algorithms for contrast threshold measurement 

have been employed, including method of constant stimuli (Rountree et al. 2018), 

method of limits (Barlow 1958; Wilson 1970), staircase or ‘up/down’ method (Volbrecht 

et al. 2000b; Dalimier and Dainty 2010; Je et al. 2018; Stapley et al. 2020) and Bayesian 

adaptive algorithms (Zele et al. 2006; Redmond et al. 2010b; Redmond et al. 2010a). 

After construction of spatial summation functions, some studies opted to examine the 

rate of change in contrast thresholds with stimulus area and the shape of the summation 

functions (Graham and Bartlett 1940; Dannheim and Drance 1971a; Latham et al. 1994) 

rather than estimate RA. The various forms of studies addressing spatial summation will 

be discussed in detail in the sections 5.3 and 5.4.   

 

5.3  - Factors influencing spatial summation 

Since spatial summation is an adaptative mechanism with the purpose of optimising 

visual function in an ever-changing environment, it is unsurprising that there are a 

number of different factors which have been shown to influence its behaviour, relating 

to adaptation condition, ocular health and the choice of stimulus itself. Consequently, 

many studies exist in the literature which have examined spatial summation in the 

healthy and diseased visual system under a wide variety of testing conditions. This will 

form the focus of discussion throughout this sub-section.  

 

5.3.1 – Visual field eccentricity  

In photopic conditions, it is widely established that spatial summation increases as a 

function of visual field eccentricity (Wilson 1970; Inui et al. 1981; Okuyama et al. 1995; 

Khuu and Kalloniatis 2015; Kwon and Liu 2019). Wilson (1970) elegantly demonstrated 
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that the shape of the spatial summation function does not alter with increasing visual 

field eccentricity and the curve is simply displaced rightwards, by plotting a single 

summation function using thresholds measured across the visual field (5°-55° 

eccentricity) for all presented stimuli on a white background of 212 cd/m2 (fig 5.3). 

Maintenance of contrast threshold at a constant level for a stimulus equal in size to the 

upper limit of complete spatial summation, irrespective of visual field location, was also 

reported. Wilson hypothesised that RA increases with visual field eccentricity, possibly 

as a noise-compensatory mechanism due to a reduction in retinal ganglion cell density. 

 

- Fig. 5.3: Spatial summation curve (blue line) for all stimuli (white, 130 ms) from 5°-

55° visual field eccentricity, produced by displacing all data points along the “log 

stimulus area” axis until optimal superimposition was achieved. Red line of slope -1 

demonstrates complete spatial summation. Figure adapted from Wilson (1970). 

 

 Swanson and colleagues (2004) developed a two-stage neural model to explain 

the extent to which RGC number underlying perimetric stimuli (estimated using 
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of the variance in perimetric sensitivity with visual field eccentricity and a constant 

number of RGCs (~31 cells) was estimated to underlie RA across the retina, supporting 

Wilson's hypothesis (1970) that increases in spatial summation may occur as a result of a 

sparser RGC array with increasing retinal eccentricity. Swanson (2004) went on to 

further explain that a reciprocal (1:1) relationship between visual field sensitivity and 

RGC density exists at retinal locations of eccentricity ≥ 15° such that ~31.6 RGCs 

underlie a standard Goldmann size III (GIII) stimulus at 15° where this is equal to RA 

(purple line, fig. 5.4). Between 0-15º partial summation is exhibited with a x4 greater 

change in RGC density being required to produce a 1 dB loss in sensitivity in this region 

compared to ≥15º (blue line, fig. 5.4). 

 

- Fig. 5.4: Perimetric sensitivity for a GIII stimulus (data from Garway-Heath et al. 

2000) plotted against log RGC number (data from Curcio and Allen, 1990). The purple 

line shows a linear relationship between RGC number (<1.5 log unit) and visual field 

sensitivity at an eccentricity ≤15°. The blue line shows where this relationship breaks 

down beyond 15° (RGC number >1.5 log unit). Figure adapted from Swanson (1970).  
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 More recent work by Kwon and Liu (2019) has replicated Swanson’s findings, to 

demonstrate that variance in RGC density largely accounts for enlargements in RA with 

visual field eccentricity (89%), and a constant number of RGCs underlies RA 

irrespective of visual field location as an adaptative mechanism to maintain a constant 

signal to noise ratio across the visual field (fig. 5.5). However, significantly fewer RGCs 

within RA (~14 RGCs) were reported compared to Swanson and collegaues (2004) (~31 

cells), despite contrast thresholds being examined under similar adaptative conditions. 

While this is the case Kwon & Liu used a more recent model for calculating RGC 

density to account for Henlé fibre layer length and lateral displacement of RGCs from 

their underlying photoreceptors (Drasdo et al. 2007). Interestingly, Kwon and Liu (2019) 

also demonstrated a constant number of midget RGCs (~29 cells) to underlie a 

receptive field (or population receptive field) in the early visual cortical area (V1). 

 

- Fig. 5.5: Schematic diagram to illustrate the extent of spatial integration within the 

visual system for luminance detection, and how this increases with retinal eccentricity.  

Topographic distribution of RGC density may largely determine cortical representation 

of the visual field, as cortical projections of RGCs become uniformly distributed 

throughout V1. Figure adapted from Kwon and Liu (2019). 
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 Similarly to achromatic conditions, RA has also been demonstrated to increase 

monotonically from 0-20° visual field eccentricity under long-wavelength (L-cone, 620 

nm) adaptation conditions (Volbrecht et al. 2000b). In this study, the behaviour of the 

short-wavelength (S-cone, 440 nm) mechanism is more complex with relative increases 

and decreases found between observers up to 4°, after which the monotonic pattern of 

increase in spatial summation with retinal eccentricity is seen again. These observations 

are thought to be reflections of a decrease in L-cone density and individual variability in 

S-cone density until 8° visual field eccentricity, after which L- and S-cone numbers 

remain relatively constant and further changes in RA thought to be accounted for by 

RGC density (Volbrecht et al. 2000b). 

 Whilst the relationship between spatial summation and visual field eccentricity in 

photopic conditions is clear, only one previous study has examined spatial summation 

across the visual field in mesopic conditions, although not under testing conditions of 

mesopic microperimetry (Dannheim and Drance 1971a). Spatial summation functions 

generated along the 45° meridian with a stimulus duration of one second in healthy 

observers were found to appear constant between 0-30° visual field eccentricity in 

mesopic conditions (background 0.03 cd/m2), in contrast to photopic conditions 

(background: 3.18 cd.m2) where spatial summation (RA) increased with eccentricity. On 

the other hand, the authors did report a maximal change in stimulus diameter (0.083º to 

2°) to induce a change in measured contrast thresholds that was 40% greater at 30° 

compared to 5° visual field eccentricity in mesopic and photopic conditions.  

 

5.3.2 – Background luminance 

Spatial summation has been demonstrated to be inversely related to background 

luminance. Graham and Bartlett (1940) measured foveal contrast thresholds for six 
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stimuli of different area each of duration 30 ms (assumed to be shorter than the critical 

duration) and at various background luminances in two observers. Although spatial 

summation was not measured, the authors highlighted that the influence of the area of 

spot stimuli on increment thresholds is dependent upon background luminance. 

Thereafter, Barlow (1957) found spatial summation (in addition to temporal summation) 

to decrease as background luminance was increased, which he hypothesised was the 

result of noise in the visual system. Spatial summation was however only grossly 

investigated, using only two stimulus areas at either extremities (0.0077 and 19 deg2) 

presented on a blue-green background (603 nm). In a later more detailed study, Barlow 

(1958) clearly demonstrated that the upper limit of complete spatial summation enlarges 

with reduced background intensity for both short (8.5 ms) and long (930 ms) stimulus 

durations (fig. 5.6). Barlow’s findings were replicated in a number of subsequent studies 

(Glezer 1965; Owen 1972; Lelkens and Zuidema 1983; Brown et al. 1989; Redmond et 

al. 2013a). Glezer (1965) also proposed that RGC receptive field size, in addition to RA, 

reduces with an increase in background luminance as a result of greater inhibitory 

processes, more so in the receptive field periphery. Interestingly, little change in RGC 

receptive field diameter with changing background luminance was observed in scotopic 

conditions (Glezer 1965).  
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- Fig. 5.6: Spatial summation functions at different background intensities and two 

stimulus durations. Black lines illustrate a slope of -1 (complete spatial summation). 

Dotted lines show Ricco’s area estimates for each background intensity examined. Data 

from Barlow (1958). 

 

 A reduction in spatial summation with increasing background luminance has also 

been replicated in the S-cone pathway (Redmond et al. 2013a). On average, RA 

decreased by ~0.39 log units per log unit increase in blue background luminance. This 

study provided important evidence to better understand the physiological underpinnings 

of changes in spatial summation with background luminance. Whereas in achromatic 

conditions centre-surround antagonism is thought to underpin alterations in spatial 

summation with changes in background luminance, the same is not possible in s-cone 

isolating conditions owing to different receptive field characteristics. This suggests that 

higher visual centres may have a significant role in determining the changes in spatial 

summation with eccentricity. The physiology of spatial summation will be discussed in 

more detail in Chapter 5.4. 
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5.3.3 – Stimulus chromaticity  

The chosen wavelength of presented stimuli has been demonstrated to influence spatial 

summation. In one of the earliest studies to investigate this phenomenon, Brindley 

(1954) found RA to be smaller for red and green spot stimuli (680 nm and 548 nm 

respectively), in comparison to blue stimuli (429 nm). The author thought this may 

suggest that foveal red and green cones connect to midget bipolar and midget ganglion 

cells, whereas foveal cones belonging to the blue pathway connect to flat or brush 

bipolar cells. Similar findings were reported in work measuring contrast thresholds with 

Goldmann size I-V spot stimuli at four test locations each at 8.5° and 17° visual field 

eccentricity in 16 healthy controls and 13 glaucoma patients, with white stimuli on a 10 

cd/m2  white background, red stimuli on a white background of the same luminance and 

blue stimuli on a 100 cd/m2 background (Felius et al. 1997). The upper limit of compete 

spatial summation (mean diameter) was found to be 0.56° for white-on-white adaptation 

conditions, 0.54° for red on white conditions and 1.6° for blue on yellow perimetry in 

healthy controls. More recently, Volbrecht et al. (2000a) also found Ricco’s area to be 

larger for the S-cone mechanism compared to the L-cone mechanism along the superior 

vertical meridian at 0-20° visual field eccentricity. Vassilev and colleagues (2000) 

interestingly reported that the finding of wavelength altering RA depends upon whether 

threshold increments or decrements are considered, yet this was not observed under L-

cone conditions. Complete spatial summation was observed for red-on-red stimuli up to 

a diameter of 0.4° regardless of whether incremental or decremental stimuli were used, 

in contrast to blue-on-yellow stimuli which resulted in complete spatial summation for 

incremental stimulus diameters no larger than 0.6°-0.9° but for decremental stimuli up 

until 0.8°-2° in diameter. Furthermore, (Redmond et al. 2010b) demonstrated spatial 

summation to enlarge using chromatic S-cone isolating stimuli, compared to achromatic 
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stimuli (background luminance: 600 and 10 cd/m2 respectively, fig. 5.7). This further 

validates previous findings that, in spite of a higher background luminance, RA is larger 

in the S-cone mechanism compared to achromatic, L- or M-cone pathways, likely due to 

differences in photoreceptor density, dendritic field size and RGC distribution between 

pathways (Vassilev et al. 2000; Volbrecht et al. 2000a).   

 

- Fig. 5.7: Ricco’s area estimates for chromatic (blue) and achromatic (grey) stimuli in 

the inferior hemifield of healthy observers varying in age. Figure amended from 

Redmond et al. (2010). 

  

5.3.4 – Stimulus duration  

Limited studies have examined the relationship between spatial and temporal summation, 

yet earlier work in the literature has demonstrated that they cannot be considered as 

independent from one another. Barlow (1958) found Ricco’s area to be smaller with a 

507 nm stimulus of 930 ms duration compared to a 8.5 ms stimulus at a range of 

background intensities. In a later study, the upper limit of complete spatial summation 
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was shown to decrease as a function of stimulus duration at 0 dt-L (0 cd/m2) and 9.8 ft-

L (~33.6 cd/m2) under achromatic adaptation conditions (Owen 1972). However, the 

rate of change of Ricco’s area with stimulus duration appears to be related to 

background luminance, with this being greater and non-linear in photopic conditions 

(fig. 5.8). 

 

- Fig. 5.8: Variation in Ricco’s area with stimulus duration against different background 

luminances. Figure amended from Owen et al. (1972). 

 

5.3.5 – Age 

Evidently, contrast thresholds are higher in older compared to younger observers 

(Brown et al. 1989; Redmond et al. 2010b). This is unsurprising due a number of 

morphological changes that occur in the visual system with age. These include reduced 

retinal illumination due to senile miosis and increased intraocular light scatter caused by 
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lens opacities (Wood et al. 1987; Wood et al. 1989), morphological changes to the retinal 

layers such as elongation and convolution of photoreceptor outer segments (Marshall et 

al. 1979), reduction in density of rod photoreceptors (Curcio 2001), retinal ganglion cells 

(Curcio and Drucker 1993; Anderson and McDowell 1997; Harwerth et al. 2008; 

Redmond et al. 2010b) and neuronal cells in macular projection areas of the visual 

cortex (Devaney and Johnson 1980). Given this, it would be reasonable to hypothesise 

that spatial summation may enlarge to compensate for such changes, yet the behaviour 

of Ricco’s area with age appears to be not so simple.  

 Dannheim and Drance (1971) measured spatial summation in 35 participants aged 

20-79 years, at 5°, 15°, and 25° visual field eccentricity in photopic conditions 

(background luminance: 3.18 cd/m2) and at 5° and 15° eccentricity under mesopic 

adaptation conditions (0.03 cd/m2), with a one second duration stimulus. Although the 

upper limit of complete spatial summation was not defined, similar spatial summation 

functions were observed between older and younger participants at all locations tested 

under both photopic and mesopic conditions. In a small study measuring spatial 

summation under photopic and scotopic in nine young observers aged 20-26 years 

(mean age 23.8 years) and 10 older observers aged 61-69 years (mean age 64.6), Brown 

et al. (1989) found no significant difference in the upper limit of complete spatial 

summation between each group. Older observers were also affirmed to have no 

significant media opacities, no ocular pathology, good general health and taking no 

systemic medication to interfere with contrast threshold measurement. Latham and 

colleagues (1994) later confirmed these findings. In a more recent study investigating 

both S-cone isolating and achromatic stimuli, no statistically significant difference in 

Ricco’s area measured at 10° visual field eccentricity along the 36°, 144°, 216°, and 324° 

meridians was observed between participants aged 20-77 years in both testing conditions 

(Redmond et al. 2010b). When participants were divided into five age groups, mean 



 Chapter Five 142 
	

spatial summation functions were similar, with only an upwards displacement evident 

owing to lower contrast thresholds with advancing age (fig. 5.9). 

 

- Fig. 5.9: Variation in Ricco’s area with stimulus duration against different background 

luminances. Figure amended from Owen et al. (1972). 

 

 Conversely, Owsley and Sekuler (1982) hypothesised that spatial summation does 

in fact enlarge as a function of age under photopic conditions, and this cannot be 

accounted for by optical factors. Initially, no significant difference in the spatial 

summation coefficient (contrast thresholds/stimulus area) was identified between eight 

young (mean age, 22 years) and eight older (mean age, 75 years) observers at a photopic 

background luminance of 10 cd/m2. Yet, after correcting contrast thresholds to account 

for uncorrected refractive error and reduced retinal illumination in older observers, the 

group found the summation coefficient to be reduced for older observers indicating 

reduced spatial summation with age. In addition to a small sample size, this study is 

however further limited by the inclusion of two observers with undefined early AMD, 

the correction of contrast thresholds using previous data where optical blur could have 
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been corrected for the test distance in the first instance, and the lack of Ricco’s area 

estimates.  

 It appears that the only study to measure spatial summation under scotopic 

conditions is that of Schefrin et al. (1998). They reported a 15% increase in Ricco’s area 

measured at 6° in the nasal visual field per decade between observers aged 19-87 years, 

hypothesised as due to neural changes rather than degradation of the eye’s optics with 

age. Although the group did quantify spatial summation according to Ricco’s law and 

the upper limit of complete spatial summation, they did not quantify interocular scatter 

and attempted to simulate the effects of reduced modulation transfer function (MTF) 

and increased interocular straylight. In the MTF model, contrast thresholds were 

incorrectly assumed to remain constant with age and although increased contrast 

thresholds for an older compared to a younger observer was demonstrated in the 

intraocular straylight model, they believed that both models showed no optical 

contribution to enlargements in Ricco’s area with age at a retinal level. Interestingly, 

Redmond et al. (2010b) demonstrated no significant difference in spatial summation 

with aging, but highlighted that the same models used by Schefrin et al. (1998) could not 

be applied to such a study using stimulus size measurements from the monitor to 

generate spatial summation functions. Considering the retinal point-spread function 

increases with age, an enlargement of spatial summation with age may be hidden by age-

related optical changes causing an artefactual decrease in Ricco’s area.  

 

5.3.6 – Ocular disease 

A number of ocular diseases have also been demonstrated to result in changes in spatial 

summation. One of the earliest studies to demonstrate enlargements in the upper limit 

of complete spatial summation  in patients with ocular disease in photopic conditions 
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was that of Wilson (1967). Spatial summation functions for participants with visual field 

defects caused by lesions before (n=8) and after (n=5) the lateral geniculate nucleus 

(pre- and post-geniculate lesions, respectively) were observed to be displaced rightwards 

compared to observers with normal visual fields, either with (n=6) or without (n=5) 

intracranial pathology. Wilson (1967) hypothesised that spatial summation in observers 

with pre- and post-geniculate lesions enlarged in the same way as presenting stimuli with 

increasing visual field eccentricity, which he later proved to be true (Wilson 1970). This 

work suggested that the reduction in perimetric sensitivity due to the detection of 

impaired visual fields could be fully compensated for by increasing stimulus size. 

 Exploring spatial summation characteristics in glaucoma have been a big topic of 

interest throughout the literature. Although spatial summation was not sufficiently 

examined using a range of stimulus sizes,  Zalta and Burchfield (1990) detected 

significantly greater sensitivity loss in suspect and early glaucoma patients compared to 

controls with Goldmann size I (GI) compared to GIII with the central 30-2 Humphrey 

Field Analyser. Interestingly, no statistically significant difference was found between 

contrast thresholds measured with GI and GIII stimuli in control participants, implying 

that the standard GIII stimulus may not be optimal for detecting visual field defects in 

glaucoma. Firm evidence for enlargement of RA in glaucoma when measured with 

stimuli of duration 200 ms at 10° visual field eccentricity along four diagonal meridians 

in patients with early glaucoma (n=24) compared to age-similar controls (n=26) was 

later elegantly demonstrated (Redmond et al. 2010a). Similarly to increasing visual field 

eccentricity, spatial summation functions for glaucoma could be mapped onto those on 

of controls, demonstrating the loss in visual field contrast sensitivity caused by glaucoma 

is accounted for by an enlargement in spatial summation, illustrated by a simple 

rightward displacement of the summation function along the x-axis (Redmond et al. 

2010a). Mulholland et al. (2015b) later replicated such enlargements in RA in glaucoma 
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patients, demonstrating that differences in spatial summation can also be proved using 

area-modulation given the simple rightward translation of summation functions in 

glaucoma and the invariance of contrast thresholds for a stimulus equal in size to RA. 

 Studies have shown changes in spatial summation in a number of other ocular 

diseases. In patients with retinitis pigmentosa (RP) and control observers, greater visual 

field sensitivity with a Goldmann size V stimulus was found compared to Goldmann 

size III, with this difference (termed size effect) being significantly greater for RP 

patients in damaged regions of the visual field (Swanson et al. 2000). In a later study 

spatial summation has been shown to be demonstrably larger in observers with 

retinopathy of prematurity (ROP) compared to observers born prematurely without 

ROP (Hansen et al. 2014). Furthermore, the authors found this enlargement in spatial 

summation to be dependent on ROP disease severity. In an intriguing study examining 

spatial summation in observers with either strabismic (n=7) or anisometropic amblyopia 

(n=7) and 15 controls, contrast thresholds were determined for Goldmann size I-V 

stimuli at varying visual field eccentricities (12.7°, 21.2°, 29.7°) under adaptation 

conditions of SAP. The mean value for the upper limit of complete spatial summation 

was found to be larger in amblyopic eyes, and smaller in fellow non-amblyopic eyes 

compared to control eyes at each eccentricity examined (Je et al. 2018). Furthermore, the 

type of amblyopia was found to influence interocular differences in Ricco’s area with 

this being reported as 0.28 log deg2 larger in eyes with strabismic amblyopia compared to 

those with anisometropic amblyopia. This finding was attributed to a smaller RA in the 

non-amblyopic eyes of strabismic observers compared to the non-amblyopic eyes of 

anisometropic observers rather than a larger RA in eyes with strabismic amblyopia. 

Stapley et al. (2020) also found RA to be enlarged in eyes with axial myopia compared to 

healthy controls when Knapp’s Law was invoked, hence controlling for retinal image 

size, under conditions of SAP. Indeed, the opposite was found when contact lenses were 
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used to correct refractive error, leading the authors to hypothesise that spatial 

summation becomes enlarged in axial myopia as an adaptive mechanism resulting from 

enlarged retinal image size on a stretched myopic retina.  

 Although spatial summation is central to the psychophysical examination of visual 

function, and has therefore been investigated in many forms of ocular disease, limited 

evidence for its behaviour in age-related macular disease exists. Zele et al. (2006) did not 

find a change in cone-mediated spatial summation in four participants with AMD when 

examined using a contrast modulating Gabor stimulus matched to the optimal contrast 

detector. Spatial summation functions were plotted by constraining both lines of the bi-

linear fit to reflect partial (slope=0.5) and no (slope=0) summation, biasing measures of 

the upper limit of complete spatial summation. This also limits comparison to 

measurements of spatial summation in this work (first line slope is constrained slope to -

1 reflecting complete spatial summation and the second line slope is allowed to vary), 

described in subsequent experimental chapters. This study was also designed to probe 

cone photoreceptors, which one may argue that rod photoreceptor damage is 

overlooked, given that this class of photoreceptor is known to be predominantly 

affected early in the AMD disease process (Curcio 2001). In more recent work, Choi et 

al. (2016b) first reported stimuli operating within complete spatial summation 

(Goldmann size I and II) produced stronger structure/function relationships compared 

to the standard Goldmann III stimulus in patients with early (n=1) and intermediate 

(n=7) AMD. Subsequently, the group reported contrast sensitivity to be ~0.5-1 dB 

higher in participants with intermediate (n=22) and early (n=1) AMD compared to 

healthy controls (n=37) with Goldmann size IV and V stimuli compared to Goldmann 

I-III, under adaptation conditions of SAP. The group hypothesised that this 

improvement in test sensitivity to AMD damage with larger stimuli implies that Ricco’s 

area is increased in the disease. Although an interesting finding, the group only plotted 
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the hill of vision with a limited selection of stimuli, rather than using a greater range of 

stimulus areas to generate spatial summation functions or estimate RA using alternate 

methods. Measured contrast sensitivities in control observers were also not age-similar, 

but corrected to a 50 year old equivalent.  

 While the effect of AMD on spatial summation therefore remains to be clearly 

addressed in the literature, changes in spatial summation in AMD may also be inferred 

from studies examining spatial vision in the disease. Shah et al. (2016) found visual 

acuity measures with novel pseudo-high-pass filtered optotypes to be reduced to a 

greater extent in patients with early AMD compared to measures using conventional 

high-contrast optotypes. This finding was hypothesized to be related to altered neural 

sampling secondary to the loss of photoreceptors, with the result that visual acuity 

measures in the fovea are limited by neural rather than optical factors. Such results may 

also be hypothesized to be related to an enlargement in Ricco’s area (perceptive field), 

this serving to optimise local sensitivity at the expense of spatial resolution. In AMD 

where structural changes are likely inhomogeneous, a variable and reduced density 

sampling array will likely result, this affecting resolution thresholds for pseudo-high-pass 

filtered optotypes more so than conventional high-contrast optotypes. 

 

5.4 – Physiology of spatial summation  

Throughout the literature, the physiological underpinnings of spatial summation remain 

a topic of debate. Various hypotheses have proposed multiple mechanisms to explain 

spatial summation. This has brought into question as to whether spatial summation 

takes place at a retinal level in terms of photoreceptors and retinal ganglion cell density 

(Swanson et al. 2004; Kwon and Liu 2019), should ganglion cell receptive field 

characteristics be accountable (Barlow 1953; Glezer 1965), or contribution comes from 
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further along the visual system within higher visual centres such as the visual cortex. A 

more recent school of thought proposes that spatial summation is most likely due to a 

combination of such hypotheses (Pan and Swanson 2006; Redmond et al. 2010a; 

Redmond et al. 2013a), all of which will be discussed in detail throughout this chapter. 

 

5.4.1 – Photoreceptors & retinal ganglion cell density  

Early studies examining the animal retina first raised the possibility that spatial 

summation is moderated at the level of the retinal neurons. Work examining the Atlantic 

horseshoe crab (Limulus polyphemus) demonstrated a directly proportional relationship 

between the magnitude of observed retinal potential and the number of illuminated 

photoreceptor clusters (ommatidia) up to an area encompassing approximately half the 

eye, indicative of a summative effect of light energy between retinal neurons (Graham 

1932). Granit (1933) reported an altered action potential of reduced intensity for stimuli 

of 1-2° visual angle compared to those extending over a retinal area of 5° in the cat 

retina. Further evidence for this phenomenon was also demonstrated in the human 

retina, when Beitel (1934) measured contrast thresholds for two light patches separated 

by different distances at the fovea and beyond 15° in the retinal periphery. He 

discovered that the measured threshold for each patch reduced (i.e., contrast sensitivity 

improved) with decreasing separation of the spots, this occurring irrespective of retinal 

location but within the limits of 2.5° at the periphery and ~0.17° at the fovea, indicating 

interaction between these spatially separated areas of stimulated retina. Beitel (1934) 

proposed that such findings are due to spatial summation, instigated and controlled by 

processes in the retinal layers and ganglia.  

 With respect to retinal neurons governing chromatic spatial summation in the 

fovea,  Brindley (1954) concluded that their findings of a larger RA under blue (S-cone) 
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adaptation conditions compared to red (L-cone) or green (M-cone) conditions, implied 

that red or green photoreceptors were connected to midget bipolar and midget ganglion 

cells and blue cones connected to flat or brush bipolar cells enabling spatial summation 

in the blue pathway. This hypothesis was expanded further in the investigation of spatial 

summation under S- and L-cone mechanisms across the superior retina (Volbrecht et al. 

2000a; Volbrecht et al. 2000b). Although the group had proposed that differences in S- 

compared to L-cone densities were likely to account for a larger RA observed with the 

S-cone mechanisms, S- and L-cone photoreceptor density remains relatively unchanged 

between 8-20° visual field eccentricity, in spite of a corresponding increase in RGC 

density and RA, leading to the hypothesis that spatial summation is more likely to be 

mediated by RGC density for both cone mechanisms (Volbrecht et al. 2000b). The 

authors also reported an inversely proportional relationship between L-cone mediated 

Ricco’s area and the density of midget and parasol RGCs along the vertical superior 

visual field meridian at 0-20°, with this more likely to be related to parasol RGCs, given 

that changes in diameter of parasol dendritic fields appeared to follow a more similar 

pattern to changes in L-cone Ricco’s area compared to midget RGC dendritic field 

diameter. Furthermore, an inversely proportional relationship was also established 

between RA associated with S-cone photoreceptors and small bistratified RGC density 

at 4-20° along the same meridian. A later study by Vassilev and colleagues (2003) 

demonstrated a similar relationship between RA  measured under S-cone isolating 

conditions with small bistratified RGC density with eccentricity. This led the authors to 

believe that a relatively constant number of small bistratified RGCs underlies RA from 

5-20°, equivalent to an average of approximately three cells. Further work illustrating the 

contribution of RGC receptive fields in the S-cone pathway will be discussed in section 

5.4.2.  
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 The effect of varying visual field eccentricity on spatial summation under 

achromatic photopic conditions in the healthy visual system (Kwon and Liu 2019) and 

modelling of RGC loss and dysfunction on perimetric sensitivity (Swanson et al. 2004) 

has also led to the belief that a constant number of RGCs underlie RA to maintain a 

constant signal-to-noise ratio. Discrepancies in the exact number of RGCs underlying 

RA during SAP have been reported (31 vs 14, discussed in section 5.3.1), but it is also 

likely that this number is subject to change dependent on the adaptation conditions, 

given the intrinsic relationship between RA and background luminance (Barlow 1958) or 

stimulus chromaticity (Volbrecht et al. 2000a; Redmond et al. 2013a). Ultimately when 

only a single factor is allowed to vary (e.g., visual field eccentricity), changes in RGC 

density with retinal eccentricity can account for approximately 90% of the co-existing 

variance in RA ranging from 4-18.5° (Kwon and Liu 2019). Very interestingly, Kwon 

and Liu (2019) reported that midget retinal ganglion cells were found to account less of 

the variance in achromatic RA with visual field eccentricity (79%), suggesting that 

parasol ganglion cells are likely to be more responsible for mediation of RA under 

achromatic photopic conditions. This seems plausible since Dacey (1993) discovered 

that dendritic field diameter of parasol ganglion cells decreases at a greater rate with 

increasing visual eccentricity compared to midget ganglion cells, such that the ratio of 

parasol to midget dendritic field diameter is ~10:1 at 3° and ~3:1 at 50° retinal 

eccentricity.  

 

5.4.2 – Retinal ganglion cell receptive fields  

A number of studies have provided evidence for the diameter of retinal ganglion cell 

receptive fields, specifically the centre, as contributing towards the physiological basis of 

spatial summation (Hartline 1940b; Barlow 1953; Barlow et al. 1957; Hubel and Wiesel 
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1960; Glezer 1965; Inui et al. 1981). Examining the effect of varying the illuminated area 

on the neural response in a single optic nerve fibre in the frog retina, Hartline (1940) 

showed that the latency and frequency of initial discharge of action potentials is greater 

with increasing area of constant retinal illumination. However, this response only occurs 

up to a certain point referred to as the ‘optimal limit’, in accordance with Ricco’s law, 

after which there is an inhibitory effect and reduced neural activity in the optic nerve 

fibre. The same effect was also illustrated using stimuli of a fixed area and increasing 

luminance. These findings were later replicated by Barlow (1953), yet his methods were 

designed to address the limitations of Hartline’s research by using spot stimuli that 

extend beyond the receptive field of the frog optic nerve fibres. His research highlighted 

two forms of receptive fields (Fig. 5.10). Firstly,  an “off” unit which summates light 

energy across its entire receptive field, beyond which further increases in the stimulus 

radius does not affect contrast threshold (> 0.4 mm), although a decrease in sensitivity 

was identified for a stimulus radius of ~0.2 mm which may suggest the point at which 

stimuli encroach on the less sensitive peripheral regions of the receptive field. Barlow 

(1953) also discovered “on-off” units, which produce maximum retinal sensitivity up to 

a stimulus radius of 0.4 mm when such stimulus is just overlying its receptive field, but 

an inhibitory effect is produced when stimuli extend beyond this point (Fig. 5.10). 
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- Fig. 5.10: Log stimulus sensitivity plotted against log stimulus radius for “off” units 

(blue) and “on-off” units (red). Figure adapted from Barlow (1953).  

 

 Kuffler (1953) clarified the functional organisation of receptive fields in the cat 

retina describing a concentric antagonistic centre-surround system, which can consist of 

an excitatory “on” centre and inhibitory “off” surround or vice versa. Very interestingly, 

both authors collaborated in later work to find a disappearance of the inhibitory “off” 

surround in prolonged dark adaptation, suggesting this may be the cause of increased 

spatial summation with reduced background luminance (Barlow et al. 1957).  

 Psychophysical evidence presented by Glezer (1965) supported the role of 

antagonistic centre-surround receptive fields in governing spatial summation the human 

retina. Participants were instructed to manually adjust stimulus luminance by 0.1 log unit 

steps until threshold was reached, with relationships to receptive field organisation 

subsequently established. In addition to the findings in electrophysiological literature 
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discussed above (Barlow et al. 1957), the coefficient of summation (equal to one when 

complete summation occurs) continues to increase when stimulus diameter exceeds RA, 

also suggesting that the increase in spatial summation observed with decreasing 

background luminance is due to a gradual termination of inhibition.  

 In addition to the enlargements in RA observed with increasing retinal 

eccentricity from the fovea, a simultaneous increase in the diameter of the centre of 

RGC receptive fields has provided further evidence for a retinal contribution to spatial 

summation (Hubel and Wiesel 1960; Wiesel 1960; Glezer 1965; Inui et al. 1981). 

However, differences in the rate of change of Ricco’s area and the diameter of RGC 

receptive field centres with visual field eccentricity have inferred evidence for a cortical 

role in spatial summation. Wilson (1970) demonstrated a linear increase in Ricco’s area 

estimates from 5-55° visual field eccentricity, measured at 5° intervals. He attempted to 

compare this data with the diameters of RGC receptive field centres obtained from the 

optic nerve fibres of the spider monkey, noting the greater increase in rate of change of 

receptive field centre with 5-20° retinal eccentricity compared to 20-60° (Hubel and 

Wiesel 1960). Consequently, Wilson (1970) suggested contribution from higher visual 

centres in addition to the retinal role evident from his work. A linear relationship 

between the increase in the diameter of the upper limit of complete spatial summation, 

defined as the intersection point of a bilinear fit to the data points reflecting complete 

and no summation (critical area), with increasing visual field eccentricity from 0°-10° 

was also later established by Inui, Mimura and Kani (1981). The group then compared 

the regression line fitted to their data depicting the relationship between the critical area 

diameter and retinal eccentricity from the fovea to that of De Monasterio and Gouras 

(1975), who produced a regression line for the relationship between RGC receptive field 

centre diameter and retinal eccentricity in the rhesus monkey. Validating their 

comparisons as sufficient similarity between the human and rhesus monkey retina, Inui 
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and colleagues (1981) did find similar relationships for their human critical area data 

compared to the RGC receptive field centre data as a function of retinal eccentricity. 

However, a larger slope value and hence greater rate of change in the diameter of rhesus 

monkey RGC receptive field centres compared to human critical area with eccentricity 

was noted (1.2 vs 0.55 respectively).  

 Fischer (1973) considered the overlap of on- and off-centre receptive fields of 

individual ganglion cell fibres in the cat optic tract, and found the centre radius of RGC 

receptive fields to increase with retinal eccentricity (Fig. 5.11). This led to the conclusion 

that a constant number of RGCs, equal to 35, were found to be associated with 

individual receptive fields irrespective of retinal location, interestingly in alignment with 

the relationship between RGC density and RA. However, he was unable to establish if 

these 35 RGCs have totally overlapping receptive fields.  

 

- Fig. 5.11: Receptive field centre radius plotted against retinal eccentricity. Least-

squares linear regression line and associated slope (m) and coefficient of determination 

(r2) values are also included. Figure reproduced from Fischer (1973). 
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5.4.3 – Higher visual areas 

The role of higher visual centres in the mediation of spatial summation has been 

highlighted throughout the literature. Comparing the relationship of RA as a function of 

visual field eccentricity with that of receptive field size with eccentricity has suggested 

cortical influence on spatial summation (Hubel and Wiesel 1960; Wilson 1970; Inui et al. 

1981), as discussed in section 5.4.2. Using a green spot presented on a 5 cd/m2 

background, Richards (1967) found the size of RA to vary with increasing distance from 

the foveola. He suggested these findings occurred due to increased convergence of 

neural impulses at the level of the retinal ganglion cells when focusing on a near object. 

It was proposed this may also be due to increased divergence of the neural impulse 

transmitted to cortical cells when accommodating, facilitated by inhibitory feedback 

from higher visual centres (Richards 1967).  

 Other studies looking at the representation of visual cortex in millimetres that 

corresponds to one degree of visual angle at various retinal eccentricities (i.e. the cortical 

magnification factor), have helped to understand the maintenance of constant threshold 

for a RA-sized stimulus.  Lie (1980) identified such constant luminance at threshold for 

a RA-sized stimulus irrespective of visual field location, and explained this in terms of 

the projection of receptive fields to equal sized regions of the visual cortex. Similarly, the 

photopic contrast sensitivity function is represented by equal areas of visual cortex in 

spite of visual field eccentricity (Rovamo et al. 1978). In consideration of these findings, 

the observation of constant threshold for a stimulus equal in size to RA can provide 

insight into the physiological basis for spatial summation.  

 Later psychophysical examinations of spatial summation inferred contribution 

from higher visual centres. Pan and Swanson (2006) very interestingly developed a 

model for spatial summation which proposes that stimuli are detected by spatial filters 
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characterised by the receptive field structure at various locations in the visual field, and 

distinguished by various features including peak spatial frequency and orientation tuning 

of their receptive fields. They found that when receptive fields were orientation-tuned 

like cortical cells, the model fit well to perimetric spatial summation data unlike when 

non-orientated receptive fields were used like that of ganglion cells. Such findings were 

indicative of cortical pooling by multiple mechanisms for spatial summation, and were 

validated by the use of noise masks that enlarged the upper limit of spatial summation or 

altered the shape of the functions, rather than a simple vertical shift in spatial 

summation functions which would indicate a single mechanism for determining spatial 

summation (Pan and Swanson 2006). In addition to a constant of number of RGCs 

underlying RA (see Sections 5.3.1 and 5.4.1), Kwon and Liu (2019) also reported a 

constant RGC number represents a fixed cortical distance or V1 receptive field, 

implying both a cortical and retinal role in spatial summation.  

 Redmond et al. (2010a) hypothesised that a significantly larger RA in patients 

with early glaucoma compared to control participants under achromatic and chromatic 

adaptation conditions may be due to the death or dysfunction of RGCs resulting in an 

enlargement of cortical receptive fields to maintain input from a constant number of 

retinal ganglion cells. In recent work examining spatial summation characteristics in axial 

myopia, Stapley et al. (2020) found a weak negative relationship between co-localised 

retinal ganglion cell layer (RGCL) thickness and spectacle-corrected RA (Kendall’s tau = 

-0.16) which failed to reach statistical significance. These findings led the authors to 

suggest that multiple loci along the visual pathway, including higher visual centres, are 

likely to be responsible for spatial summation in myopia rather than changes in RGC 

density alone.  

 Furthermore, animal studies in the cat (Eyding et al. 2002) and rat (Pizzorusso et 

al. 2002) visual system have provided evidence for plasticity of the visual cortex, 
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indicating a cortical role in functional changes observed in spatial summation in the 

presence of damage to the visual system. Nonetheless, in consideration of the evidence 

provided throughout the literature, it would seem likely that spatial summation is 

determined by multiple mechanisms along the visual pathway. 

 

5.4.4 – Optical aberrations  

The role of optical aberrations in spatial summation has been debated throughout the 

literature. Davila and Geisler (1991) compared spatial summation functions generated 

for four young observers (range: 21-38 years) with green square stimuli presented at the 

fovea on a green background, compared to the expected outcome of an ideal observer 

incorporating only pre-neural factors up to the level of the photoreceptors. The ideal 

observer model took into account the eye’s optics, the average diameter of a foveal cone 

inner segment (receptor aperture), spatial arrangement of photoreceptors (receptor 

lattice) and quantum fluctuations. The authors found equal average values for RA under 

photopic conditions (~10 cd/m2) in both the real and ideal observers (~0.092 deg.2), 

suggesting that pre-neural factors account for spatial summation at the fovea.  

 In a later study, increment thresholds were measured for a square foveal stimulus 

varying in size on a circular background (Diameter, 1°; luminance, 20 cd/m2) during a 

two-alternative forced-choice task both with and without adaptive optics correction of 

ocular aberrations in three participants aged 24-38 years (Dalimier and Dainty 2010). RA 

estimates were found to be reduced by a factor of 2.6 after adaptive optics correction, 

this thought to be due to optical spread of the retinal image caused by ocular aberrations, 

lowering the light intensity detected by each cone photoreceptor and resulting in an 

artefactual increase of RA. These results agree with findings by Davila and Geisler 

(1991), such that pre-neural factors largely account for RA at the fovea under photopic 
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conditions, yet adaptive optics correction cannot completely eradicate foveal spatial 

summation leading the authors to propose that spatial summation does indeed have a 

neural basis. Redmond and colleagues (2010) found no statistically significant differences 

in RA estimates between older and younger observers under chromatic and achromatic 

conditions at 10º eccentricity. Interestingly however, the authors considered that any 

apparent increase in spatial summation which may occur due to aging retinal changes 

may be disguised by larger test stimuli being disproportionally affected by optics in the 

aging eye compared to the smaller stimuli, leading to a smaller measurable RA in their 

older participants. They also highlighted that measured contrast thresholds in their study 

are minimally affected by low-pass optics effects due to the use of more peripheral 

retinal locations in this study, limiting comparisons with Dalimier and Dainty's work 

(2010).  

 More recently, Tuten et al. (2018) demonstrated no significant differences in RA 

estimates at the fovea both with and without correction of high-order optical aberrations 

and stimulus image motion on the retina using adaptive optics scanning laser 

ophthalmoscopy in four observers aged 29-56 years (Fig. 5.12). The upper limit of 

complete spatial summation was found to equal approximately 24 foveal cones after 

adaptive optics correction suggesting that pooling of individual cone signals by 

postreceptoral mechanisms contributes to foveal spatial summation (Fig. 5.12).  
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- Fig. 5.12: Diameter of Ricco’s area plotted for each testing condition and all 

participants (S1-S4). In condition 1, adaptive optics (AO) correction of high-order 

aberrations and correction of fixational eye movements (FEM) was applied. In condition 

2, AO were used but stimuli could drift naturally across the retina during fixation. This is 

similar to work by Dalimier and Dainty (2010), whose data points are shown by orange 

circles. In condition 3, normal optics and fixational eye movements were present, similar 

to Davila and Geisler (1991) whose data points are included as green circles. The black 

dashed line represents the angular diameter of a human foveal cone from Curcio et al. 

1990. Figure adapted from Tuten et al. (2018).
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6.  Temporal summation 

  

6.1  - Defining temporal summation 

The relationship between stimulus duration and measured contrast thresholds is similar 

to that of stimulus area. Stimulus luminance (I) is inversely related to stimulus duration 

(t), such that the product of both stimulus parameters is constant (k) at threshold (eq. 

6.1).  

This relationship is referred to as Bloch’s law (Bloch 1885), this being analogous to a 

fundamental principle of photochemistry known as Bunsen-Roscoe law (Hood and 

Finkelstein 1986). When Bloch’s law is obeyed, light energy is linearly summed by the 

visual system, this holding for a range of stimuli of sufficiently short duration. Temporal 

summation functions may be constructed as a plot of log contrast threshold versus log 

stimulus duration, with a line of slope -1 being observed for stimuli exhibiting complete 

temporal summation (red line, fig. 6.1). The longest stimulus for which this occurs is 

known as the critical duration. Beyond this point, Bloch’s law breaks down and a slope 

gradient >-1 and £ 0 is evident in a log contrast-log stimulus duration plot (blue line, fig. 

6.1).  

                                        I × t = k 
 

(6.1) 
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- Fig. 6.1: Schematic temporal summation plot showing complete (red line), partial (blue 

line) and no summation (yellow line). The red dashed line indicates the critical duration 

and the blue dashed line indicates the utilisation time.    

 

 Incomplete temporal summation has been described by the inverse-square law, 

also termed Piéron’s law, where contrast threshold is inversely related to the square root 

of stimulus duration (eq. 6.2) and a slope gradient of -0.5 is used to describe the section 

of the temporal summation function where this law holds (cited by Hood and 

Finkelstein, 1986). The inverse-square law is comparable to Piper’s law of partial spatial 

summation in the spatial domain, this also only applying to a very limited range of 

stimulus durations. 

                        I × √t = k (6.2) 
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When stimulus duration becomes independent of contrast threshold, no temporal 

summation is observed (fig. 6.1, yellow line). Kietzman and Gillam (1972) referred to 

the stimulus duration at which this occurs as the utilisation time (fig. 6.1).  

 The upper limit of complete temporal summation has been estimated as 27.7 ms 

at 8.8° visual field eccentricity, under conditions of standard automated perimetry (SAP) 

(Mulholland et al. 2015a). This median critical duration value was significantly shorter 

than a previous estimates of 50-100 ms under similar testing conditions (Funkhouser 

and Fankhauser 1994; Okuyama et al. 1995). Considering this, Mulholland et al. (2015) 

demonstrated that methodology for estimating the critical duration is likely to be 

responsible for such differences. Those studies that constrain the slope of both lines in 

the temporal summation function, assuming complete summation for shorter stimuli 

(slope = -1) and no summation for longer stimuli (slope = 0), resulted in longer critical 

duration values compared to iterative two-phase regression (TPR) analysis that only 

constrains the slope of the first line to -1 whist the second slope is allowed to vary (fig. 

6.2). To minimise bias in estimates of both the critical duration and Ricco’s area (RA) in 

studies within this thesis TPR analysis was used. 
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- Fig. 6.2: Comparison of critical duration values estimated using two methods at 8.8° 

eccentricity along the 315° meridian for one observer. Blues lines demonstrate two-

phase regression analysis. Black dashed lines represent constrained least-squares analysis 

that fits two lines of constrained slope to selected data points, reflecting complete and 

no temporal summation. Figure adapted from Mulholland et al. (2015).  

 

6.2  - Psychophysical examination of temporal summation 

Temporal summation is examined through the measurement of an observer’s response 

to the presentation of stimuli of fixed area but different durations. Contrast thresholds 

are typically plotted against stimulus duration on a log-log scale to produce temporal 

summation functions, as described above in section 6.1. Alternatively, luminance 

thresholds are expressed in energy terms (product of luminance threshold, stimulus area 

and stimulus duration) with a slope of 0 reflecting complete summation and a slope 

between 0 and -1 representing partial summation.   

 Many variations in the psychophysical measurement of temporal summation 

have been reported throughout the literature. Although more traditionally circular spot 
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stimuli are presented (Karn 1936; Dannheim and Drance 1971b; Ueno 1979; Mulholland 

et al. 2015a), a range of stimuli have been used, such as sine-wave gratings (Legge 1978; 

Marx et al. 1984; Sturr et al. 1988; Mitov and Totev 2005), conventional high-contrast 

optotypes (Kahneman 1964; Baron and Westheimer 1973; Kono and Yamade 1996), 

line targets (Zlatkova et al. 2000) and Vernier acuity tasks (Herzog and Brand 2009). 

Observer response to such stimuli has also been measured using a variety of methods. 

Conventional contrast thresholds have been collected with different algorithms, 

including, method of limits (Baron and Westheimer 1973; Dunn and Massof 1983), 

method of constant stimuli (Van Den Brink and Bouman 1954; Baumgardt and 

Hillmann 1961) and staircase procedures (Sharpe et al. 1993; Mulholland et al. 2015d; 

Mulholland et al. 2015c). Reaction time has also been used as an alternative measure to 

determine the critical duration (Kietzman and Gillam 1972; Hildreth 1973; Ueno 1979; 

Mitov and Totev 2005). Some studies have used the multiple pulse method (Granit and 

Davis 1931; Battersby and Schuckman 1970), which builds upon what we know from 

Bloch’s law, that subsequent stimuli presented within the critical duration at the same 

retinal location are completely summed and resolved as a single stimulus. Where the 

inter-stimulus interval is greater than the critical duration partial summation occurs. 

Objective measures of temporal summation have also been performed using 

electrophysiology in animal eyes (Adrian and Matthews 1927b; Adrian and Matthews 

1927a; Hartline 1928; Hartline 1934) and electroretinography (ERG) in human observers 

(Alpern and Faris 1956; Biersdorf 1958; Fulton et al. 1991). 

 

6.3  - Factors influencing temporal summation 

Acting as a noise-compensatory mechanism, it is unsurprising that temporal summation 

varies depending upon the choice of testing conditions. Such changes are similar to 

those that occur in the spatial domain, with the exception that less consensus exists as to 
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how temporal summation varies with such factors as visual field eccentricity. In this 

section the influence of various factors on temporal summation as reported in the 

literature will be discussed.  

 

6.3.1  - Visual field eccentricity  

	
Unlike spatial summation, there is no firm consensus as to whether temporal summation 

varies as a function of visual field eccentricity. Earlier work reported variations in the 

critical duration across the visual field. Ronchi and Nováková (1971) found the critical 

duration to change with retinal eccentricity with a 0.11° stimulus in dark-adapted 

participants. They did however highlight that this relationship was repeatable up until 

40°, but was inconsistent in the far periphery at 40-60°. Ueno (1979) also found the 

critical duration to increase from the fovea to an eccentricity of 19° in the nasal and 

temporal retina, but the methods used did not sufficiently sample the temporal 

summation function. Rather, reaction times for a 1° spot stimulus of 1 ms and 300 ms 

duration were measured and plotted against luminance for each test location (Fig. 6.3). 

Although no quantitative data is provided, Flanagan and Simpson (1991) reported that 

“temporal summation improved with eccentricity”. Contrast thresholds were measured 

for only four stimulus durations of 100, 200, 500 and 1000 ms at background 

luminances of 1, 10 and 100 cd/m2. One can assume that the critical duration was 

measured, yet all such stimuli are likely to exceed the critical duration for the 10 and 100 

cd/m2 backgrounds such it is likely that differences in partial summation were measured. 

A contrasting study investigating temporal summation for a 2° square pedestal stimulus 

(20 cd/m2 in the centre, presented on a 3 cd/m2 background) under L/M-cone and S-
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cone adaptation conditions, found the critical duration to shorten by half (from ~200-

100 ms) with increasing eccentricity from the fovea to ~20° (Swanson et al. 2008). 

 

- Fig. 6.3: A: Luminance required to produce a reaction time of 50 ms above the 

asymptotic motor response component, R0 plotted against retinal eccentricity for 1 and 

300 ms. B: Critical duration as a function of retinal eccentricity. Figure adapted from 

Ueno (1979). 

 

 In contrast to the studies discussed above, other work using a variety of 

psychophysical methods have found no variation in the critical duration with visual field 

eccentricity. Sperling and Jolliffe (1965) found the critical duration to be ~100 ms at the 

fovea and at 15° retinal eccentricity using 0.75° stimuli of wavelength 450 and 650 nm. 

Similarly, Van Den Brink and Bouman (1954) found temporal summation to be 

consistent irrespective of visual field location. In an interesting study examining 

temporal summation and temporal contrast sensitivity functions at the fovea, 10°, 20°, 

40° and 50° in three young observers, both measures of the temporal domain were 

found to be independent of visual field location (Dunn and Massof 1983). 
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 Subsequent studies using perimetric stimuli have consistently reported the 

critical duration to be invariant of visual field eccentricity. Ogawa et al. (1984) presented 

two achromatic spot stimuli of 0.17° and 1.73° diameter on a low photopic background 

(3.2 cd/m2) and found the critical duration to be constant between 0° and 30° for both 

stimuli (78 and 162 ms respectively). Simultaneous to their spatial summation study 

(Dannheim and Drance 1971a),  Dannheim and Drance (1971b) examined temporal 

summation in 35 healthy observers of different ages (20-79 years) between 0-30° 

eccentricity using a 0.75° stimulus under photopic (~3.18 cd/m2) and mesopic (~0.03 

cd/m2) adaptation conditions. The authors reported the critical duration to be ~100 ms 

across the visual field examined. However, this value was obtained through direct 

observation of temporal summation functions and selection of the transition point 

between complete and zero summation (utilisation time), ignoring partial summation. 

Furthermore, after performing detailed temporal summation measurements on one 

observer, they conversely found the critical duration to increase from 32 ms at the fovea 

to 100 ms at 100°. Funkhouser and Fankhauser (1994) obtained insignificant differences 

in critical duration estimates at the fovea, and two test locations each at 10° eccentricity 

in the upper visual field meridian (temporally and nasally) with Goldmann III stimuli 

presented at 10 cd/m2, using the Octopus 1-2-3 perimeter. Okuyama and colleagues 

(1995) similarly investigated temporal summation using the same perimetry device, also 

finding the critical duration to be relatively constant across the visual field (measured at 

0-30°). However, the authors reported the critical duration as 100 ms, in agreement with 

Dannheim and Drance (1971b) but substantially longer than estimates of 52-78 ms 

found by Funkhauser and Fankhauser. These differences in critical duration estimates 

are likely due to variations in techniques applied in analysing temporal summation 

functions. More recently, Mulholland et al. (2013) measured the critical duration at 5°, 

10° and 15° visual eccentricity, reporting no statistically significant differences in values 
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obtained with a standard Goldmann size III (GIII) stimulus. Conversely, the authors 

found significant increases in the critical duration measured with stimuli scaled to 

localised RA estimates (35.4, 45.2, 64 at 5°, 10° and 15° respectively). These very 

interesting findings present implications regarding the choice of perimetric stimuli, in 

addition to the nature of the inter-relationship of spatial and temporal summation.  

 

6.3.2  - Background luminance  

It is widely accepted that temporal summation varies in response to a change in 

adaptation conditions. In early work, the action time (i.e. the critical duration) of a white 

light stimulus was reported to vary inversely with stimulus intensity, from approximately 

0.03 to 0.2  seconds (McDougall 1904). Graham and Kemp, (1938) later presented a 0.6° 

foveal stimulus on a 1.4° adapting field consisting of two evenly illuminated semicircles 

at varying background luminances (0.006-592.7 cd/m2) and different stimulus durations 

(0.002-0.50 s). The authors found the critical duration to linearly increase from 

approximately 30 ms to 100 ms with a reduction in the background illumination from 

592 cd/m2 to 0 cd/m2. These findings were later replicated by Keller (1941) in a similar 

experimental set-up to that of Graham and Kemp (1938), with the inclusion of a larger 

range of background luminances (0.66-66504 cd/m2) and shorter stimulus durations 

(0.013-0.12 s). An inverse linear relationship between the critical duration and 

background intensity was also demonstrated (fig 6.4). Interestingly, this is in contrast to 

the non-linear variations in Ricco’s area with changes in background luminance (Glezer 

1965). Nonetheless, a number of subsequent psychophysical studies validated this 

observable decrease in temporal summation with increasing background luminance or 

vice versa (Barlow 1958; Stewart 1972; Ueno 1979; Funkhouser and Fankhauser 1994). 

Alternatively to these studies, Herrick (1956) also measured luminance decrements by 
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decreasing the luminance of a 1° achromatic stimulus of varying durations between 

0.0035 and 2.013 seconds relative to the adaptive background, in addition to luminance 

increments. He found that the critical duration was inversely related to the background 

luminance irrespective of the use of incremental or decremental stimuli.  

-  

- Fig. 6.4: The relation between the critical duration and background intensity. Figure 

adapted from Keller (1941). 

 

 The characteristics of temporal summation with changing background 

luminance also appear to be the same with chromatic adaptation conditions. Van Den 

Brink and Bouman (1954) obtained contrast thresholds for two stimuli of varying 

duration presented simultaneously and separated by a known distance (0-30 min arc). 

Such stimuli were either red light flashes presented on a red adapting field, red flashes 

on a green field, green flashes on a red field or green flashes on a green field. 

Unsurprisingly, a reduction in temporal summation with increasing background 

luminance for all testing conditions was demonstrated. Sperling and Jolliffe (1965) also 

reported 0.75° diameter foveal stimuli of 450 nm and 650 nm wavelength to “exhibit 
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more temporal summation” when presented on dark compared to a light surround in 

three healthy observers. Further evidence for variance of temporal summation as a 

function of background luminance with chromatic stimuli is presented by Mitsuboshi et 

al. (1987), who found the critical duration to be ~63-100 ms at 1000 cd/m2 and ~125-

158 ms at 10 cd/m2 for 520-620 nm stimuli. A subsequent study by Ejima and 

Takahashi (1988) also found the critical duration to decrease with increasing adaptation 

luminance for stimuli of wavelength 520 nm, 570 nm and 650 nm, but interestingly 

found no further change in the critical duration for the 570 nm stimulus when retinal 

luminance exceeded 1000 trolands.  

 

6.3.3  - Stimulus chromaticity   

There is no firm consensus on the effect of stimulus chromaticity on temporal 

summation. Several researchers have found no influence of using stimuli of different 

wavelengths on temporal summation. One such study presented red (665 nm), green 

(538 nm) and blue (470 nm) stimuli of duration ranging from 2-1000 ms on a white 

background and found the critical duration to be the same for all stimuli used (Rouse 

1952). Baumgardt and Hillmann (1961) measured contrast thresholds for red and blue-

green monochromatic stimuli of four stimulus diameters (0.06-8°) and varying duration 

(3.13-1000 ms) at 20° visual field eccentricity. The authors reported the critical duration 

to be 100 ms for all stimulus conditions. Also presenting stimuli of different diameters 

(~0.05°, 0.17° and 0.53°), duration (10-500 ms)  and wavelengths (red: 650 nm, green: 

551 nm and blue: 423 nm),  Saunders (1975) found no difference in the critical duration 

estimated for the 0.05° and 0.5° stimuli between the red, green or blue stimulus 

chromaticities at both foveal locations examined (0.07° and 2° eccentricity).  



 Chapter Six 171 
	

 Conversely, some studies have demonstrated relationships between stimulus 

wavelength and temporal summation, this effect being dependent on stimulus area used. 

Sperling and Jolliffe (1965) produced temporal summation functions with a 450 nm and 

650 nm foveal stimulus of two diameters (0.075° and 0.75°) under photopic and 

scotopic adaptation conditions. Intriguingly, the critical duration was shorter for the 

longer wavelength compared to the shorter wavelength stimulus under photopic and 

scotopic conditions, but only for the 0.75° diameter. These findings were hypothesised 

to be a result of spatiotemporal interactions in addition to an enlarged RA in S-cone 

compared to L-/M-cone mechanisms.  Krauskopf and Mollon (1971) demonstrated a 

markedly larger critical duration for a 1° foveal 430 nm stimulus in comparison to 500 

and 650 nm stimuli at varying background luminances, particularly with a background 

wavelength of 500 nm (fig. 6.5). A subsequent study by King-Smith and Carden (1976) 

was in agreement with Sperling and Joliffe’s work. They found that the integration time 

(critical duration) was independent of wavelength (400-680 nm) for a 0.05° stimulus 

presented at the fovea, but shortest for a 558 nm wavelength when a larger 1° stimulus 

was used.  
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- Fig. 6.5: Mean critical duration as a function of log background luminance. Stimuli 

wavelengths used are 430 nm (indigo), 500 nm (green) and 650 nm (red). Background 

wavelengths are 500 nm (circles, continuous line) and 600 nm (triangles, dashed line). 

Figure adapted from Krauskopf and Mollon (1971). 

 

6.3.4  - Stimulus area   

The reduction of the critical duration with an increase in stimulus area is generally 

accepted, yet the characteristics of the summation functions and the conditions for 

which this statement holds true vary throughout the literature. Graham and Margaria 

(1935) generated temporal summation functions for four spot stimuli of different 

diameters (0.03°, 0.27°, 1° and 3°) at 15° visual field eccentricity under scotopic 

adaptation conditions. The authors found that the transition from complete to partial 

summation is much more abrupt when a smaller test stimulus is used. Specifically, more 

partial temporal summation is observed with larger compared to smaller stimulus areas. 
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This was attributed to increased temporal dispersion of excitation between retinal 

neurons with an increase in stimulus area (Graham and Margaria 1935). In a similar 

experimental set-up, Karn (1936) replicated these findings for foveal stimuli of varying 

area and duration, agreeing with the hypothesis proposed by Graham and Margaria 

(1935). In later work by Barlow (1958), temporal summation decreases with an increase 

of stimulus area were also observed, but surprisingly reported less partial summation 

with a 5.9° diameter stimulus compared to 0.12° stimulus at varying background 

intensities. Barlow (1958) suggested that his contrasting findings were due to differences 

in test eccentricity since he selected a retinal eccentricity of 7° compared to 15° used by 

Graham and Margaria (1935), suggesting “more efficient” temporal summation closer to 

the fovea. One may argue against this hypothesis given the identical results 

demonstrated by Karn (1936) at the fovea. Despite this, other studies have also 

observed a sharper transition from complete to partial summation with larger stimuli in 

both scotopic and photopic adaptation conditions (Baumgardt and Hillmann 1961; 

Owen 1972; Watson 1986).  

 In addition to the debate of the extent of partial summation exhibited by stimuli 

of different area, some studies argued that the critical duration is in fact independent of 

stimulus area. Baumgardt and Hillmann (1961) observed the critical duration to be 

constant at 100 ms for red and blue-green stimuli of all areas examined (0.06-8°) at 20° 

visual field eccentricity. Owen (1972) agreed with these findings, examining the 

influence of stimulus area on temporal summation at 10° eccentricity and two 

background luminances of 0 cd/m2 and 33.6 cd/m2. When this data was re-fitted using 

the same methods employed by Graham and Margaria (1935), the critical duration 

reduced from 65 ms  for the smallest stimulus diameter (0.06°) to 24 ms  when the 

largest stimulus (0.53°) was employed. Furthermore, spatial summation was markedly 

dependent on stimulus duration (Owen 1972), providing further evidence against the 
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belief that the critical duration is independent of stimulus area. Saunders (1975) 

demonstrated conflicting results depending upon adaptation condition. The critical 

duration varied with achromatic stimulus area at 0.67° visual field eccentricity under 

photopic conditions (100 trolands), but this was not observed under scotopic conditions 

(0 trolands). In a study examining reaction time versus luminance functions as a method 

for assessing temporal summation, Ueno (1979) presented eight targets of different 

diameters (0.045-1°) of 1 ms and 300 ms durations. Interestingly, the critical duration 

reduced with increasing target size, but only for stimuli below ~0.22° in diameter. Such 

studies provide evidence to the belief that the interaction between temporal and spatial 

summation is complex, and cannot be described by simple empirical laws like Bloch’s 

law, (Bunsen-Roscoe), Ricco’s law, inverse-square law (Piéron’s law) or Piper’s law 

(Barlow 1958).  

 

6.3.5  - Age   

A number of studies have investigated the behaviour of temporal summation with 

increasing age. In a Landolt C discrimination task, Eriksen and colleagues (1970) found 

that healthy participants aged 50-55 years required longer exposure times to achieve 

equivalent visual acuities compared to younger observers aged 30-35 years. Fulton et al. 

(1991) interestingly measured the dark-adapted ERG responses for stimuli of different 

duration in 10-week-old infants and adult controls. The critical duration was estimated 

from the amplitude of the b-wave component of the ERG trace, with the mean value 

found to be longer in adults compared to infants (107 vs 88 ms, respectively). 

Interaction effects between subject group and log stimulus duration was however 

insignificant.   
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 Other researchers have produced conflicting findings, that the critical duration 

does in fact remain relatively constant with age. Sturr and colleagues (1988) obtained no 

age-related changes in temporal summation functions generated for 0.416 and 7.5 c/deg 

sinusoidal gratings between students aged 21-28 years and older adults aged 60-77 years. 

Interestingly, contrast sensitivities were equivalent between both participant groups after 

refraction for the test distance and matching for retinal illuminance. When comparing 

temporal summation functions between participants of different ages, Dannheim and 

Drance (1971b) found these to be similarly shaped at all test locations, indicating that 

temporal summation  does not vary as a function of age. More recently, Mulholland et al. 

(2015c) demonstrated that, although statistically significant reductions in contrast 

sensitivity were observed with increasing age (24-80 years) for all stimulus durations 

examined (1.8-191.9 ms) under adaptation conditions of SAP, critical duration estimates 

did not change significantly with age at 8.8° visual field eccentricity in the superior and 

inferior hemifields (fig. 6.6). In conclusion, it seems unlikely that temporal summation is 

altered with age in contrast to temporal resolution, demonstrated by a reduced critical 

flicker fusion frequency (CFF) with age (McFarland et al. 1958). 
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- Fig. 6.6: Average temporal summation functions for observers aged <30 years and 

≥60 years, respectively. Error bars represent 95% confidence intervals for the mean. 

Figure adapted from Mulholland et al. (2015). 

 

6.3.6  - Ocular disease   

Temporal summation has been reported to alter in a range of ocular diseases with such 

findings shedding light on the neurophysiological processes that underpin temporal 

summation. Wilson (1967) examined both spatial and temporal summation in impaired 

areas of the visual field caused by pre- and post-geniculate lesions, in addition to 

unaffected regions. Interestingly, temporal summation was found to be impaired in 

damaged regions of the visual field caused by post-LGN lesions, in contrast to spatial 

summation which enlarged in areas of the visual field where sensitivity was reduced by 

both pre- and post-LGN lesions. Longer average critical duration estimates have been 

reported in participants with mild or severe retinopathy of prematurity (ROP) in 
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comparison to participants born prematurely without ROP and healthy controls 

(Hansen et al. 2015). 

 In addition to spatial summation (Redmond et al. 2010a), temporal summation 

also appears to be disrupted in glaucoma. Hnik et al. (1996) measured achromatic 

contrast thresholds for six high-pass resolution perimetry stimuli of durations 16.7-150.3 

ms in eyes with optic nerve heads suspicious of glaucoma but normal visual fields, and 

fellow eyes with localised visual field defects caused by glaucoma. The largest difference 

in thresholds was measured with the shortest stimulus duration (16.7 ms). More recently, 

the critical duration was found to be significantly longer with a near-GIII stimulus 

(diameter: 0.48°) and stimuli scaled to local RA estimates in a patient cohort with early 

glaucoma (Mulholland et al. 2015b). Furthermore, stimuli scaled to account for local 

spatial and temporal summation changes detected larger glaucomatous defects, 

demonstrating a greater test sensitivity compared to standard perimetric stimuli (GIII, 

200 ms).  

 Alterations in temporal summation as a result of ocular abnormalities related to 

systemic conditions have been described in the literature. Marx et al. (1984) presented 

gratings of different presentation duration but constant spatial frequency to 13 patients 

with optic neuritis caused by multiple sclerosis. They found the critical duration to be 

longer in participants with multiple sclerosis compared to healthy controls. Herzog and 

Brand (2009) investigated the relative contribution of spatial and temporal processing to 

backward masking in Schizophrenic patients. Backward masking refers to the invisibility 

of a visual stimulus as a result of fast (e.g. 40 ms) subsequent presentation of another 

stimulus. Schizophrenic patients required significantly longer presentation times to attain 

equivalent thresholds for Vernier stimuli compared to healthy controls, leading the 

authors to conclude that temporal integration, is increased yet spatial summation is 

unaffected in the condition.  
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 Interestingly, temporal summation appears to be unaffected in some other 

ocular diseases. A case study of two patients with choroideremia revealed both spatial 

and temporal summation characteristics to be unaffected, with this being attributed to 

normal post-receptoral processes in spite of abnormal rhodopsin regeneration kinetics in 

some retinal locations (Fulton and Hansen 1987). Although evidence exists within the 

literature for loss and damage to primarily rod photoreceptors and later cones (Curcio et 

al. 1996), in addition to cortical plasticity in AMD patients (Baker et al. 2005; Baker et al. 

2008; Schumacher et al. 2008; Maniglia et al. 2018), only one study has examined 

temporal summation in age-related macular disease. Brown and Lovie-Kitchin (1987) 

found altered temporal contrast modulation sensitivity (measured response to flickering 

light of varying temporal frequencies) in observers with AMD compared to controls. In 

a later study, Brown and Lovie-Kitchin (1989) did find the critical duration measured 

under photopic conditions using a red 0.25° diameter spot stimulus to be longer in 

observers with eight observers with atrophic AMD compared to eight age-similar 

controls, but this failed to reach statistical significance (fig. 6.7). On the basis of this 

work, it was hypothesised that temporal resolution produces sufficient stress on rod and 

cone photoreceptors to detect a measurable reduction in AMD, whereas the temporal 

integration of light photons during detection of single, subsequently presented light 

spots does not.  
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- Fig. 6.7: Average temporal summation functions for control (blue) and AMD (red) 

observers under (a) photopic, and (b) scotopic adaptation conditions. The functions are 

constant until the stimulus presentation time exceeds the critical duration. Error bars 

represent 95% confidence intervals for the mean. Figure adapted from Brown and 

Lovie-Kitchin (1989). 

 

6.4  - Physiology of temporal summation 

6.4.1 – Photoreceptors 

Electrophysiology studies provide evidence for the role of retinal photoreceptors in 

moderating temporal summation. Similar to Bloch’s law relating contrast thresholds to 

stimulus duration, Bunsen-Roscoe law states that the photochemical reaction of a 

certain light-sensitive molecule is constant when the intensity and duration of the 

incident light flash are inversely related to one another. Since rod and cone 

photoreceptor outer segments contain photosensitive pigments, temporal summation 

0

-1.5

-1.0-1.0

-0.5

-0.0

1.0

1.5

0.5

-1.5

-1.0-1.0

-0.5

-0.0

1.0

1.5

0.5

1 2 3 4 0 1 2 3 4

Lo
g
(th
re
sh
ol
d
x
tim
e)

Log time (msec)

(a) Photopic (a) Scotopic



 Chapter Six 180 
	

has been hypothesised to occur as a result of the relationship between the intensity and 

duration of the stimulating light on photopigment de-isomerisation. Early studies by 

Adrian and Matthews measuring the electric response of the conger eel retina and optic 

nerve, found a constant reaction time (period between the beginning of a light flash and 

initial response) to be produced by a definite light quantity (i.e. the product of light 

intensity and duration), for light flashes shorter than the critical duration (Adrian and 

Matthews 1927b; Adrian and Matthews 1927a). Hartline conducted subsequent studies 

in the arthropod eye (Hartline 1928) and single visual cell of the Limulus polyphemus 

(Hartline 1934), also observing an inverse relationship between light flash intensity and 

duration but only for short stimulus durations, leading Hartline to agree that the 

Bunsen-Roscoe law provided an adequate explanation of the temporal summation 

process in vision. Hood and Grover (1974) also provided further evidence for such a 

hypothesis when measuring the electrical response of a frog cone receptor. Investigating 

the amplitude and form of a and/or b waves of ERGs have also supported a 

photoreceptor basis for temporal summation in in dark-adapted (Alpern and Faris 1956; 

Johnson and Bartlett 1956) and light-adapted (Biersdorf 1958) human observers, in 

addition to the animal studies discussed above. Interestingly, Johnson and Bartlett 

(1956) reported the critical duration to be ~100 ms, analogous to psychophysical 

measurements of temporal summation gained in human observers (Dannheim and 

Drance 1971b; Okuyama et al. 1995).  

 Studies investigating the influence of other factors on temporal summation have 

demonstrated photoreceptor contribution to temporal summation. Observing a 

dependency of adaptation wavelength on the critical duration, Krauskopf and Mollon 

(1971) suggested that L-, M- and S-cones have independent time constants and temporal 

summation is largely determined within these primary chromatic mechanisms. Work 

exploring the temporal summation characteristics of ROP revealed a longer time 
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constant in rod photoreceptors affected by ROP (381 ms) compared to healthy controls 

(312 ms), leading the authors to hypothesise that the rod outer segment has a role in 

determining the critical duration (Hansen et al. 2015). 

 

6.4.2 – Retinal ganglion cells and their receptive fields 

Published work within the literature has also proposed that retinal ganglion cells play a 

role in determining the course of temporal summation, in addition to spatial summation. 

In addition to supporting their hypothesis that photoreceptors contribution to temporal 

summation in their work with the conger eel, Adrian and Matthews (1927a) suggested 

that the effect of stimulus area on the critical duration may be explained by a large 

retinal area being connected to a single ganglion cell, such that the visual response 

elicited is independent of the retinal area illuminated (within certain limits). Granit and 

Davis (1931) similarly proposed that a combination of the photochemical reaction 

within rod and cone photoceptors and the synaptic connection between bipolar cells 

and RGCs contribute to the integration of light flashes over time. Finding a constant 

critical duration for red and blue-green monochromatic stimuli of varying diameters at 

20° retinal eccentricity, Baumgardt and Hillmann (1961) suggested that the critical 

duration for each sub-type of RGC is influenced by a distinct period over which quanta 

of light can be absorbed.   

 Governance of the critical duration at the level of retinal ganglion cell receptive 

fields has also been discussed in the literature. In consideration of findings by Barlow 

(1957) in addition to his own, Glezer (1965) described the increase observed in RGC 

receptive field “zone of summation” and reduced peripheral inhibition with short 

compared to long stimulus durations under dark-adapted conditions in the human retina. 

Later animal studies provide evidence for a RGC receptive field basis of temporal 
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summation. Enroth-Cugell et al. (1983) examined spatiotemporal interactions in two 

types of centre-surround RGCs exhibiting linear summation (“X and Q cells”) in the cat 

retina using sinusoidal grating and edge stimuli. The authors demonstrated that the form 

of spatial frequency response function of both RGC cell types and their receptive fields 

is dependent on the temporal frequency presented, suggesting a contribution from RGC 

receptive fields to summation in both the spatial and temporal domains. A study 

measuring the  effects of varying background intensity during light-adaptation on the 

spatial and temporal summation characteristics of receptive field centres in the common 

frog, demonstrated the widely accepted observation of reduced critical duration with 

increased background luminance in psychophysical work (Donner 1987).  

 Changes in temporal summation as a result of loss or damaged RGCs in 

glaucoma have inferred evidence for RGCs in determining the critical duration. Krakau 

(1989) hypothesised that temporal summation increased in patients with relative defects 

compared to controls, as a noise-compensatory mechanism to increase “detectability” as 

a result of lost RGCs or available “channels” for stimulus detection. Mulholland et al. 

(2015b) later confirmed an increase in the critical duration in glaucoma patients 

compared to controls, under conditions of SAP. Whilst agreeing that death and 

dysfunction of RGCs in glaucoma contributes to observed increases in temporal 

summation, the authors suggested that a cortical role is also likely to contribute (see 

section 6.4.3).  

 

6.4.3 – Higher visual areas  

A great body of literature strengthens the school of thought that temporal summation is 

determined, at least in part, beyond the optic chiasm in higher visual areas. Hartline’s 

work examining temporal summation in a single visual cell of the Limulus polyphemus 
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provides a photochemical basis within rod and cone photoreceptors for the critical 

duration (Hartline 1934). Yet, an abrupt change from complete to zero summation was 

also observed with no partial summation exhibited. This directly contrasts the 

psychophysical data acquired in humans where a gradual transition from complete 

summation to the utilisation time occurs (Graham and Margaria 1935), indicative of a 

role of higher visual centres in temporal summation.  

 Changes in summation as a result of ocular disease have also provided evidence 

for a cortical role in temporal summation. An increase in the critical duration was only 

identified in visual field defects produced by post-geniculate lesions in the optic 

radiations and/or striate cortex, with temporal summation appearing to be unaffected in 

participants with visual field defects caused by pre-LGN lesions (Wilson 1967). Krakau 

(1989) demonstrated a relative “disappearance” of visual field defects as a result of 

glaucoma by increased stimulus duration. Such increase in temporal summation was 

explained by a hypothetical model suggesting a loss of RGCs or cortical “channels” 

available (Krakau 1989). Over and above the observed changes to spatial summation in 

early glaucoma, Mulholland and colleagues (2015b) expanded the hypotheses proposed 

by Krakau (1989) and by Redmond et al. (2010) in reference to spatial summation, to 

explain the increase in the critical duration caused by glaucomatous loss of RGCs in 

terms of second-stage cortical filters with longer time constants than compared to those 

in healthy controls.  

 Differences in the extent of temporal summation exhibited depending on the 

task at hand, have also evidenced the role of higher visual centres in determining the 

critical duration. Kahneman and Norman (1964) found the critical duration to be longer 

for a recognition experiment, compared to a brightness matching detection task. Kono 

and Yamade (1996) agreed with these findings, observing the mean critical duration for 

high-contrast optotype recognition task to be 616.6 ms compared to 58.9 ms for spot 
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stimuli detection task. Similar trends evidencing an increase in temporal summation for 

resolution compared to detection tasks have been reported by other studies in the 

literature (Kahneman 1964; Zlatkova et al. 2000).  

 Furthermore, Swanson et al. (2008) found the loss in contrast sensitivity 

observed in the L-M pathway compared to the S-cone pathway in the periphery could 

not be accounted for by reductions in the critical duration with increasing retinal 

eccentricity, but rather a cortical pooling model. Direct evidence of a cortical basis for 

temporal summation is presented in magnetoencephalography (MEG) work by Ohtani 

et al. (2002). The critical duration was estimated as 50 ms from MEG responses for two 

types of iso-luminance red-green grating stimuli of varying duration.  
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7.  Stimulus presentation using CRT monitors 

  

7.1  - Background 

Monitor selection is of vital importance to ensure accurate stimulus presentation and 

contrast threshold measurement in the spatial and temporal examination of the visual 

system. The cathode ray tube (CRT) monitor has traditionally been the most commonly 

used display in visual neuroscience investigations (Bridgeman 1998; Elze 2010b). Two 

other monitor types have since become commercially available for use in vision research, 

including liquid crystal displays (LCDs) and organic light emitting diode (OLED) 

monitors.  

 Unlike CRT displays, LCD panels are passively lit by a steady backlight. 

Temporal output of a LCD monitor depends on the output luminance of the display, 

such that the time taken for luminance to change on the display is related to luminance, 

in addition to a variable luminance output between different models (Elze 2010b; Elze 

and Tanner 2012). Ghodrati et al. (2015) compared the spatial and temporal output 

between five LCD monitors and one CRT monitor, with the CRT monitor displaying 

the least spatial luminance variations and best temporal precision for stimulus 

presentation. The authors reported variations in luminance across the screen to change 

with viewing angle in all displays, This was minimal with the CRT monitor, yet marked 

spatial luminance inhomogeneity (see section 7.3.3) was present in all LCD monitors, 

with a drop in luminance by as much as 75% at the top right corner compared to the 

centre of the display was observed on some of the LCD monitors for a viewing distance 

of 570 mm (Ghodrati et al. 2015). Considering such findings, in addition to the 

controlled luminance outputs and precise specification of stimulus presentation duration 
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required for accurate investigation of spatial and temporal summation in this thesis, a 

LCD monitor was deemed unsuitable for this work.  

 OLED displays consist of a thin film of electroluminescent organic material 

sandwiched between two electrodes. Although OLED monitors have been 

demonstrated as suitable for use in vision science studies (Cooper et al. 2013), offering 

accurate temporal output (Elze and Tanner 2012), they suffer from marked limitations 

rendering OLED displays unsuitable for the present work. These include limited bit 

depth (contrast resolution), luminance saturation and interaction effects between the red, 

green and blue colour primaries (Elze et al. 2013). Furthermore, OLED displays have 

been known to display invisible luminance output artefacts that can produce activity in 

the visual cortex due to a low ratio of luminance output duration to frame duration 

(Elze and Bex 2012). This effect is similar to that seen with CRT displays should low 

refresh rates be selected (see section 7.3.2).  

 Considering the pros and cons of various displays used in vision science research, 

the CRT monitor was deemed to be the optimal choice for work within this thesis. 

Although it does not come without its shortcomings (described in detail in section 7.3), 

the CRT monitor offers the best comprise between spatial, temporal and luminance 

output required for accurate contrast threshold measurement in both healthy and 

diseased visual systems. The image generation process, in addition to presentation 

artefacts and how these may be resolved are described in this chapter.  

 

7.2  - Image generation in CRT monitors 

The source of image generation in a CRT monitor begins with the production of 

electron beams by a heated cathode known as electron guns (fig. 7.1A), upon receiving a 

decoded analogue signal from the graphics card of an input computer. The electron 

beam is then both focused (fig. 7.1B) and subsequently deflected (fig. 7.1C) by 



 Chapter Seven 187 
	

magnetised anodes onto a phosphor coated monitor screen (fig 7.1D). Incident 

electrons result in excitation of the phosphors and a high energy luminance output, 

referred to as cathodoluminescence (Travis 1991b; Ozawa 2007). Electron beams are 

directed onto a discrete pixel, formed by a triad of phosphors. Chromatic CRTs typically 

contain three electron guns, each corresponding to red, blue and green components of 

each pixel. The colour refers to the set of phosphors targeted by the electron beam 

rather than colour of the gun itself, which all produce identical electric beams (Travis 

1991b). To ensure electron beams are directed onto the correct pixel, each gun is aligned 

such that the three beams are sharply focused as they pass through a certain hole or slot 

corresponding to a single pixel, of a thin metal screen (Travis 1991b). This screen can be 

formed by numerous round holes, each of which produce three round spots of 

phosphor excitation, referred to as a ‘shadow mask’ (fig 7.1D & fig. 7.1E). An 

alternative is an ‘aperture grille’, consisting of rectangular slots that produce longer strips 

of cathodoluminescence (fig 7.1G).  
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- Fig. 7.1: Schematic diagram of image generation in a modern chromatic CRT monitor.  

An analogue signal is sent to each electron gun (A), resulting in the production of 

electron beams. Magnetised anodes subsequently focus (B) and deflect (C) the beams 

onto the relevant pixel on the screen (D). The shadow mask (D and F) or aperture grille 

(G) determines the shape of each pixel (black circle or box). Figure adapted from Travis 

et al. (1991). 

 

7.2.1 – Phosphor decay 

Following excitation by an electron beam, the luminance output of a given CRT 

phosphor exhibits a discrete temporal window. Typically, a dramatic increase in energy 

emission is observed over 0-500 µm or 0-0.5 ms post excitation (fig. 7.2). After this 

point, energy output decreases exponentially until 10-30% of the phosphor’s peak 

emission is reached, this period being referred to as the decay time constant, τ (Sperling 
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1971).  The time course of energy output is thought to observe power law beyond this 

point (Elze 2010b; Elze 2010a). Phosphor decay is the term used to describe this 

reduction in phosphor activity and hence the luminance output of each pixel (fig. 7.2), 

with the time period over which this decay occurs referred to as phosphor persistence 

(Travis 1991b). A variety of phosphors exist, each with different decay times and 

temporal decay profiles. For example, P4 has a maximum luminance output of 119.9 

cd/m2  with a 10% phosphor persistence of 0.06 ms, in contrast to P45 which a peak 

emission of 82.2 cd/m2 reducing to 10% over a much longer time period of 1.5 ms 

(Compton 2003). Other factors can markedly influence phosphor emission including 

phosphor ageing (Bach et al. 1997; Compton 2003) and decay constant definition.  

 

 

 

 

 

 

 

 

 

 

 

 

- Fig. 7.2: Schematic. illustrating the luminance output for a P45 phosphor for a 21” 

Phillips FIMI MGD-403 achromatic CRT monitor running at 160 Hz. Dashed lines 

indicate the start of the frame, decay time and end of the frame. Figure adapted from 

Mulholland et al. (2015). 
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7.2.2 – Monitor refresh 

Owing to such phosphor decay described above, each pixel must be continuously re-

excited or ‘refreshed’ to minimise perception of flicker or other temporal luminance 

variations in the CRT image. Pixel refresh typically occurs in a raster pattern, illustrated 

schematically in figure 7.3. This begins at the top leftmost point of the display, 

subsequently following a rapid horizontal path until the screen edge end is reached and 

another is triggered below by a horizontal synchronisation pulse (Bridgeman 1998). The 

horizontal blank refers to the time elapsed between the refresh of the most rightmost 

pixel on one path and the excitation of the first leftmost pixel on the line immediately 

below (Travis 1991b). Pixel refresh continues until all pixels are re-excited and the end 

of the final scan is reached, before the raster pattern is restarted by a vertical 

synchronisation pulse (Bridgeman 1998). The time taken between activation of the last 

pixel on the final line and refresh of the leftmost pixel on the top line is termed the 

vertical blank (Travis 1991b). The period between two screen refreshes is called a frame 

(Elze 2010a), and the number of complete display refresh cycles in one second 

determines the monitor frame rate (rate at which new images are presented) or refresh 

rate (rate at which images are flashed but not changed). As long as the refresh rate 

exceeds the critical flicker fusion rate, screen luminance will appear continuous owing to 

visual persistence (Bridgeman 1998). Higher refresh rates reduce the observer’s ability to 

detect flicker, yet greater horizontal scan rates are required resulting in less time available 

to excite phosphors and produce maximum luminance output (Compton 2003).  
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- Fig. 7.3: Schematic of the raster scan pattern used to refresh pixels in a CRT display. 

Pixel refresh is represented by a sold black line, horizontal blank by a red dashed line 

and vertical blank by a blue dashed line. 

 

7.3  - Presentation artefacts with CRT monitors 

7.3.1 – Spatial artefacts 

Spatial limitations arise in stimulus presentation on a CRT monitor due to the spatially 

discrete nature of pixels constituting the display. Considering the limited pixel number, 

spatial aliasing can occur when stimuli consisting of high spatial frequency components 

are presented (Robson 1999). A staircase or jagged appearance to the stimulus edge 

instead of the round shape intended, can result. This tends not be problematic for 

simple spot stimuli and line or grating stimuli orientated at 0° or 90°, and in alignment 

with horizontal or vertical pixel arrangement. Issues however arise for stimuli to be 

presented on a CRT display with oblique orientation, including individual letters or text. 

A number of methods have been proposed to overcome such problems. For spot 

stimuli, pixel number can be counted and angular subtense subsequently counted. Anti-
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aliasing algorithms can also improve spatial resolution using a pixel map with different 

grey levels around the stimulus edge to give the percept of a round edged stimulus. 

While this is the case, the resulting in the pixel image size on the retina can be shrunk by 

a factor of four after low-pass filtering by the eye’s optics (Bach et al. 1997; Bach 1997). 

 Pixel luminance output is directly proportional to the area of phosphor 

excitation, such that an illuminated area on the display is in fact an image of the electron 

gun. This can lead to the artefact of effective pixel size being larger for high luminance 

stimuli compared to those of lower luminance. This results through space-charge effects 

and an increased point-spread function leading to image blurring (Bach et al. 1997; Pelli 

1997b). The importance of understanding the implications of electron optics on spatial 

resolution have been highlighted in psychophysical (Bach et al. 1997) and medical 

imaging studies (Muka et al. 1997), since non-uniformity in pixel area may induce 

differences between intended and actual stimulus presentation. Should increased point-

spread function result in excessive blurring and pixel image overlap, the assumption of 

pixel independence in CRT displays can no longer hold, which must be assessed in 

relation the task at hand (Pelli 1997a).   

 

7.3.2 – Temporal artefacts 

A number of sources of reduced temporal resolution in stimulus presentation using 

CRT monitors have been reported in the psychophysical literature. Decay constants for 

the majority of phosphors used in CRT displays are very short. Monitor frame rate is 

determined by the time taken to complete a raster scan. When short phosphor decay 

constants and high monitor frame rates are combined, flicker is generally undetectable 

by the human eye, yet overestimation of stimulus duration by more than 300% can 

occur for a single frame presentation should phosphor decay time not be accounted for 
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in specification of stimulus duration (Bridgeman 1998). Additionally, persistence may be 

more perceived when observers are dark-adapted (Bridgeman 1998). Considering retinal 

physiology, Zele and Vingrys (2005) demonstrated that lower frame rates, particularly in 

the range of  60-80 Hz, result in high frequency artefacts that, although invisible to the 

observer, can result in altered function in retinal ganglion cells. 

 The sequential activation and decay of phosphor activity with CRT displays also 

introduces issues when attempting to specify the duration of stimuli presented. The two 

primary methods for expressing stimulus duration on frame based display monitors are 

sum-of-frames (SOF) and Bridgeman (Bridgeman 1998) methods, these being described 

in detail later in this chapter (Section 7.4). Briefly, the Bridgeman method considers 

phosphor persistence to account for the false assumptions made by the SOF method 

that assumes a perfect square-wave temporal stimulus profile that lasts from the start of 

the first frame of presentation to the end of the final frame of presentation. In light of 

this, Mulholland et al. (2015) generated temporal summation functions presented on a 

CRT display with a refresh rate of 60 Hz and 160 Hz using stimulus durations expressed 

both using SOF and Bridgeman methods. Interestingly, critical duration estimates were 

independent of refresh rate when calculated using Bridgeman presentation durations, yet 

critical duration estimates were significantly longer with a refresh rate of 60 Hz 

compared to 160 Hz when SOF durations were used. The authors hypothesised that 

disregarding the persistence of P45 in the SOF method contributed to the difference in 

temporal summation measurements with refresh rate, this being an artefact rather than a 

true difference in temporal summation.  

 CRT phosphor selection can also influence the nature and amount of temporal 

artefacts produced. Di Lollo et al. (2000) reported statistically a significant interaction 

effect between CRT display type and the response times to stimulus onset and offset. 

They reported the P31 phosphor type (long persistence) to exhibit a significantly longer 
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offset compared to onset response time, this not being the case with the P15 or 

AppleVision displays where phosphor decay time is comparably shorter. CRT monitors 

equipped with P31 would consequently produce longer presentation times for the same 

intended stimulus duration compared to P15 or AppleVision CRT monitors. 

Irrespective of the CRT phosphor however, is the nature of the raster scan pattern 

leading to unavoidable temporal artefacts. By the time the electron beam has reached the 

inferior portion of the display, phase delays of up to 16 ms can occur for both stimulus 

offset and onset (Bridgeman 1998). Considering all such artefacts is of vital importance 

when quantifying temporal measures of visual function including temporal summation 

to ensure stimuli are presented with equivalent intended and actual durations.  

 

7.3.3 – Luminance artefacts 

Irregularities in luminance across CRT displays have been acknowledged in the 

psychophysical literature (Travis 1991b; Cook et al. 1993; Bach et al. 1997; García-Pérez 

and Peli 2001). Metha et al. (1993) found a reduction in luminance at peripheral 

locations compared to the display centre of up to 27% with the Barco CDCT 6551 CRT 

monitor, with most variation in the corners. Such luminance inhomogeneities were 

attributed to the arrangement of electron guns relative to the shadow mask resulting in 

in effectively smaller holes in the display periphery, in addition to the non-Lambertian 

(non-diffuse) fashion of phosphor luminescence which mostly occurs in the same 

direction as the incoming electron beam (Metha et al. 1993). Luminance variations 

across the display may have greater implications for larger stimuli, or even for peripheral 

stimuli if the magnitude of luminance variations across the display is luminance-

dependent, owing to the small central area used to calibrate the display for gamma-

correction (García-Pérez and Peli 2001). Although these spatial luminance 
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inhomogeneities are important to acknowledge, they may be undetectable by the 

observer due to low spatial frequency attenuation of the human observer (Bach et al. 

1997).  

 Other luminance artefacts include the time taken for luminance and chromatic 

output to reach asymptomatic levels after the CRT monitor is first switched on. Metha 

et al. (1993) hypothesised this to reflect the time taken for thermal equilibrium to be 

reached within the CRT electron guns, recommending a warm-up period of 45 minutes 

for the Barco CDCT 6551 CRT monitor after being switched off overnight (i.e. from a 

‘cold start’). Warm-up periods will vary depending on the CRT monitor characteristics 

(e.g. age, phosphor type) and should be measured for the display used in each 

psychophysical experiment. This has been quantified for the SONY 420-GSM used in 

all work within this PhD project (see chapter 8.2.2.2). Additional luminance issues can 

arise from the raster scan pattern along horizontal lines of pixels and only moving 

vertically to move between such lines, resulting in brighter horizontal pixel lines than 

vertical ones (Pelli 1997a; García-Pérez and Peli 2001).  

 

7.4  - Specifying stimulus duration with CRT monitors 

Significant discrepancies between intended and actual stimulus presentation duration in 

CRT monitors has been emphasised within the literature (Bridgeman 1998; Elze 2010b). 

The raster scan pattern required to refresh each pixel means that the stimulus is only 

presented for as long as the phosphor is active within the frame, rather than the whole 

frame as is often mistakenly assumed (Bridgeman 1998). Although these appear as 

minor periodic differences, this can markedly impact upon experimental findings in the 

psychophysical examination of temporal vision, particularly when short stimuli wish to 

be presented. No reference standard method for specifying stimulus presentation 

duration exists, but evidence suggests the Bridgeman model where fewer assumptions 
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about phosphor decay time are made is preferable to the commonly used sum-of-frames 

(SOF) method. In this section the pros and cons of each method to specify stimulus 

duration are discussed in depth (Bridgeman 1998; Elze 2010b; Elze 2010a).   

 

7.4.1 – Sum-of-frames method  

The frame rate determines the speed at which a single image or stimulus can be drawn, 

such that stimulus presentation duration is commonly expressed using SOF method 

(5.1), where f is the number of frames a stimulus is displayed for and r is the monitor 

frame rate.  

This method assumes a square wave temporal output that begins at the onset of 

phosphor activity in the first frame of presentation, this extending to the end of the final 

frame of presentation.  

 A systematic review of the psychophysical literature relating to studies presenting 

short stimulus durations revealed that only 21.5% stated the method used to specify 

stimulus duration, all of which used SOF (Elze 2010b). Although convenient to report 

stimulus duration as reciprocal of the frame rate, it assumes a constant luminance signal 

from the beginning to the end of the frame yet this has almost declined to zero at the 

end of the raster scan. This is of particular concern when wishing to present short 

stimulus durations, illustrated in Figure 7.5. In this example, a stimulus duration of one 

frame is presented onto a CRT monitor with a frame rate of 60 Hz and phosphor 

persistence ~2.7 ms. If SOF is used to calculate stimulus duration, this would be 

reported as 16.7 ms, markedly overestimating actual duration of one frame (i.e. 2.7 ms). 

Additionally, Zele and Vingrys (2005) highlighted that actual presentation duration is 

 f / r  = tsof (5.1) 
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dependent on frame rate, such that the ratio of luminance output to frame duration 

(duty cycle) is greater at higher frame rates, and the continuous luminance output 

assumed by summing of frames is more similar to actual stimulus presentation.  

 

7.4.2 – Bridgeman method  

When calculating stimulus duration, Bridgeman (1998) proposed that phosphor 

persistence (p) should be included in the equation (5.2). 

 

Using this calculation, stimulus duration is measured from the onset of phosphor 

cathodoluminescence in the first frame until such activity has ceased in the final frame. 

Ultimately, the pattern of phosphor luminance emission is taken into consideration, 

improving the accuracy of specified compared to actual stimulus duration. The 

Bridgman model however still suffers from several pitfalls by failing to account for intra-

frame luminance variations due to phosphor decay and phase delays between the top 

and bottom of the CRT display resulting from the raster scan pattern (Elze 2010b).  

 

7.4.3 – Frame number   

Although the Bridgeman method certainly improves the accuracy of specifying stimulus  

presentation duration by incorporating phosphor persistence compared to SOF, both 

methods can result in significant discrepancies between desired duration and what is 

actually displayed on the screen (Elze 2010b; Elze 2010a). As an alternative solution, 

Elze (2010a, 2010b) suggested stating frame number instead of calculating duration in 

 (f−1)/r + p = tbn (5.2) 
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seconds or milliseconds, whilst including details on the display type and frame rate. 

Frame number still however does not account for the precise luminance output during 

phosphor decay, and how this varies depending on phosphor selection. Considering this, 

the author added that details on phosphor luminance emission should ideally also be 

included.   

 

7.5  - Overcoming presentation artefacts 

In order to help reduce significant discrepancies from the intended spatial, temporal and 

luminance (and colour) characteristics of presented stimuli on a CRT display, practical 

solutions are suggested in the literature to help limit such artefacts on experimental 

findings in psychophysical work. These can be achieved through calibration techniques 

prior to performing experiments or specified within the experimental code (Bach et al. 

1997). A number of calibration methods will be discussed in the following section, all of 

which have been considered and/or carried out for all studies within this PhD thesis.  

 

7.5.1 – Gamma-correction  

The input voltage applied to electron guns within a CRT monitor is not linearly related 

to the luminance output form the display, and thus must be corrected using gamma-

correction (Travis 1991a; Metha et al. 1993). This is important to improve the accuracy 

and repeatability of quantitative luminance outputs for a CRT display and make 

comparisons between experiments and different monitors more reliable. Gamma-

correction can be performed automatically for each gun of the display using modern 

photometers and computer software, markedly more effectively than previous manual 

methods. Figure 7.4 demonstrates gamma output and correction applied for the SONY-

420GS CRT display used in all studies within this thesis. This process must be carried 
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out regularly to ensure a linear relationship between voltage and luminance output is 

maintained.  

 

- Fig. 7.4: Graphical representation of gamma correction for the SONY-420GS display 

used throughout this thesis. The blue crosses and red line represent the gamma function 

produced by the display before correction. The black line represents the gamma 

corrected luminance output, estimated as a linear output (green dashed line). 

 

7.5.2 – Frame rate selection  

When monitor frame rate falls below the critical fusion rate, flicker becomes perceivable 

to the human eye. This is approximately 50 Hz and 25 Hz for luminance and chromatic 

flicker respectively, with a foveal stimulus of 3° diameter (Shady et al. 2004). Selection of 

a sufficiently high frame rate is important for this reason, yet studies have demonstrated 

that lower frame rates ≤100 Hz can cause significant neuronal activity (Shady et al. 2004; 

Zele and Vingrys 2005). Although Zele and Vingrys (2005) found that frame rates 

between 60-80 Hz induce neuronal activity that is perceptually invisible to the human 
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eye, Shady et al. (2004) reported that such sub-threshold flicker can influence the activity 

of cortical neurons and thus contrast thresholds measured. Furthermore, at higher frame 

rates reduced spatial resolution and luminance outputs are possible, such that the 

selection of frame rate is a trade-off (Zele and Vingrys 2005).  

 Considering the influence of frame rate on retinal and cortical activity, it is 

reasonable to hypothesise that temporal summation may also be impacted. This was 

suggested by Rashbass (1970) who found the critical duration to be 16 ms for retinal 

illumination of 700 trolands, but light flashes separated by 10 ms (100 Hz flicker) 

exhibited partial temporal summation. Mulholland et al. (2015) later demonstrated that 

the critical duration was ~10.6 ms longer with a refresh rate of 60 Hz was selected on a 

CRT display compared to 160 Hz when stimulus durations were expressed using SOF, 

yet this difference was minimised (1.8 ms) and not statistically significant using the 

Bridgeman method (Bridgeman 1998). Such works provides further support for the 

impact of frame rate on the specification of stimulus duration (Bridgeman 1998; Elze 

2010b; Elze 2010a). Unlike the Bridgeman model, SOF does not account for phosphor 

persistence, incorrectly assuming constant luminance within each frame. These effects 

are however minimised at high frame rates due to improved duty-cycle of the phosphor. 

On the other hand, the frequency of image update on a CRT display will always be 

limited by temporal sampling since a stimulus can only be updated at integer multiples 

of the frame duration (Bach et al. 1997).  

 

7.5.3 – Spatial luminance inhomogeneity  

Spatial luminance variations on a CRT display typically manifest as highest luminance 

output at the screen centre, this typically dropping off towards the periphery. Such 

spatial artefacts could be minimised simply by restricting stimulus presentation to the 
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display centre (Metha et al. 1993). However, should peripheral stimulus presentation be 

necessary, quantification of luminance output at each test location should be performed. 

Luminance output has been known to vary as much as 27% between central and 

peripheral screen locations (Metha et al. 1993). Considering this, the contrast for each 

stimulus should ideally be calculated and reported for each test location. This has been 

done in all studies within this thesis to ensure accurate contrast threshold determination 

for all stimuli and examination locations. Nonetheless, background luminance will have 

a negligible effect on contrast threshold measurement at various locations across the 

display whilst observers fixate foveally should this be undertaken in photopic adaptation 

conditions, owing to a constant Weber contrast under such conditions. If however this 

is not the case and spatial luminance inhomogeneity is significant, previous work 

examining the interactions between flicker thresholds and luminance pedestals has 

successfully demonstrated changing fixation for peripheral stimuli in order to avoid 

significant luminance variations across the display can be a work-around to minimise the 

effect of this artefact (Anderson and Vingrys 2000). Alternatively, applying a custom 

background with varying luminance to account for spatial luminance differences across 

the monitor surface has also been applied (Miranda et al. 2016). 
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8.  Equipment calibration 
 

  

8.1 – Introduction 

As highlighted in chapter 7, spatial, temporal and luminance artefacts can present 

themselves on CRT displays, thus calibration techniques should be performed to 

minimise such artefacts. Calibration is also an important factor in eye tracking, with a 

number of factors known to affect the quality of tracked eye position, including pupil 

size (Wyatt 1995; Wyatt 2010; Drewes et al. 2014; Choe et al. 2016; Holmqvist 2017), 

eye lid position, iris colour, make-up and spectacles (Holmqvist et al. 2012; Holmqvist 

2017). Since an eye tracker was used to facilitate the gaze-contingent element of the 

custom microperimetry tests used in chapters 10-12, calibration is required for both 

CRT monitors (chapter 8.2) and eye tracking (chapter 8.3) equipment. These calibrations 

will be described in detail within this chapter. 

 

8.2 – Monitor calibration 

8.2.1 – Luminance output  

8.2.1.1 – Gamma-correction  

Described in section 7.5.1, gamma-correction should be performed when preparing a 

CRT monitor for psychophysical use. This is essential to correct for the non-linear 

relationship between the input voltage applied to the electron guns and the output 

luminance, such that CRT display output is controlled with precision and predictability 

(Metha et al. 1993). Considering this, gamma-correction was carried out at monthly 
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intervals for the SONY-420GS CRT display used in all studies within this thesis, to 

maintain a linear relationship between voltage and luminance output between all study 

visits. To do this, custom-written MATLAB code was used to calculate and apply an 

appropriate gamma-correction function and correction, in combination with a 

spectrophotometer used throughout this sub-section (ColorCAL-II, Cambridge 

Research Systems, Rochester, UK) to measure luminance output and ultimately check 

for linearity. 

 

8.2.1.2 – Spatial luminance inhomogeneity  

In view of the knowledge that luminance output can vary as much as 27% from 

peripheral compared to central screen locations on a CRT monitor (Metha et al. 1993), 

spatial luminance inhomogeneity was quantified for the mesopic background luminance 

(mean: 1.58 ± 0.07 cd/m2) used in chapter 9 and the photopic background luminance 

(mean: 9.62 ± 0.50 cd/m2) used in chapters 10-12. This was performed for the γ-

corrected 21-inch SONY 420-GSM monitor used in all studies throughout this thesis. 

To achieve this, a square stimulus of uniform nominal contrast that filled the monitor 

screen (1280x1024) was generated using Psychtoolbox (version 3.0) and a Bits# 

Stimulus Processor in Mono++ mode (Cambridge Research Systems, Rochester, UK). 

Luminance output was subsequently measured at 36 locations equally spaced across the 

display, using the ColorCAL-II spectrophotometer. Figure 8.1 demonstrates the 

luminance output quantified across the screen for both adaptation conditions used in 

this thesis. 
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- Figure 8.1:  Three-dimensional surface plot of luminance output across the CRT 

display for an intended (a) 1.58 cd/m2 for mesopic conditions and (b) 9.62 cd/m2 for 

photopic conditions. Red circles represent the locations where luminance output was 

measured. Warm colours indicate locations of higher luminance, while cold colours 

represent lower luminance locations. The eccentricity for each measurement is shown in 

degrees for x- and y-coordinates. 

 

 When spatial luminance inhomogeneity was quantified for mesopic conditions 

to be used in the first study examining spatial summation in healthy controls (see 

chapter 9), luminance was found to be highest at the right-hand edge of the display 

(maximum: 1.71 cd/m2) and lowest for the left-bottom corner (minimum: 1.46 cd/m2). 

Although in contrast to findings presented by Metha et al. (1993) for the Barco CDCT 

6551, luminance was calculated to vary markedly less by a maximum of 12.6% from the 

monitor centre (1.52 cd/m2) compared to 27%. Nonetheless, such abnormal patterns in 

spatial luminance variation may be due to the age of the monitor or due to changes in 

the alignment of the monitor electron guns as a result of previous trauma. Test locations 
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extend out to 10° visual field eccentricity in chapter 9, and so spatial luminance 

inhomogeneity was quantified for display areas within these locations. 

 Subsequent studies (chapters 10-12) were performed under photopic 

conditions. The reasoning for this relates to the effect of adaptation condition on the 

precision and functioning of the EyeLink 1000-plus eye tracker used for these studies, 

and will be discussed in section 8.3. Spatial luminance inhomogeneity measurements 

were thus repeated for the 10 cd/m2 background luminance to be used in these studies. 

Luminance was highest at the top right of screen (maximum: 10.74 cd/m2) and lowest at 

the bottom centre (minimum: 8.95 cd/m2), resulting in a maximum variance from the 

display centre of 8.5%. Since test locations did not exceed 5° visual field eccentricity in 

such studies, the maximum variance is reduced to 6.3% when spatial luminance 

inhomogeneity is assessed for areas within the test locations examined in chapters 10-12.  

 No specific guidance has been provided on methods to assess the effect of 

such spatial luminance variations across the CRT display on contrast threshold 

measurement (Travis 1991a; Bach et al. 1997).  Nonetheless, contrast output was 

measured across the presentable range at each test location using the ColorCAL-II 

spectrophotometer such that contrast thresholds were as accurate as possible in all 

studies within this thesis.  

 

8.2.1.3 – Monitor warm-up time  

CRT monitors must be allowed a certain time period to allow the electron guns to reach 

thermal equilibrium, and ensure luminance and chromatic output is constant before 

beginning data collection. Variations in luminance output exceeding no more than 1% 

from the target luminance has been suggested as an acceptable tolerance level for 

psychophysical studies, such that the time taken for the luminance output to reach this 
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level should be quantified (Metha et al. 1993). Warm-up time for the SONY 420-GSM 

has been measured, with this being subsequently adopted as the minimum period 

between monitor switch-on and beginning data collection for every study visit. This was 

quantified by measuring the luminance output at the geometric centre of the monitor for 

an intended background luminance of 9.8 cd/m2 at one-minute intervals over a 90-

minute period after the monitor was first switched on i.e. cold start (fig. 8.2).   

 

- Figure 8.2:  CRT warm-up time for luminance of 9.8 cd/m2. The light grey shaded 

region represents a variance of 1% around the target luminance, and the dark grey 

region 0.1%. 

 The results from the above measurements show that 1% and 0.1% tolerance in 

luminance variance occurs after 49 and 76 minutes respectively, indicating a minimum 

warm-up time of 49 minutes should be allowed prior to using this particular monitor for 

any psychophysical experiments. Nonetheless, a warm-up period of at least one hour 

was allowed before any data collection was carried out. Unusually for a CRT display we 

observed the luminance largely decreases to an asymptotic level during warm-up, the 
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opposite pattern typically being observed. While this is the case Poth and Horstmann 

(2017) reported the same warm-up pattern for the same CRT model as used in this study 

(SONY 420-GSM). For a Barco CDCT 6551, Metha et al. (1993) observed an increase 

in luminance output to levels stable enough for precise stimulus presentation after 45 

minutes, but did suggest that differences in warm-up profiles between monitors may be 

due to variations in circuitry before the electron guns or within the guns themselves.    

 

8.2.2 – Verification of monitor temporal output 

Measurement of phosphor decay time, comparison of presented and intended stimulus 

durations and verification of the monitor frame rate are all of vital importance in 

psychophysical studies (see chapter 7), in particular to those that examine aspects of 

temporal vision. The frame rate and number of frames within each stimulus duration 

examined were therefore quantified using an Optical Transient Recorder-3 (OTR-3, 

Display Metrology & Systems GmbH & Co. KG, Karlsruhe, Germany). Comparable to 

an oscilloscope, the OTR-3 is capable of converting temporal variations in luminance 

output to voltage. This is achieved using a receiver composed of a condensing lens to 

image the measurement area and an electro-optical transducer for luminance output 

detection. After transformation into an electrical impulse, the signal is passed through a 

low-pass filter and subsequently amplified. Different levels of signal amplification (gain) 

can be selected (S1-S3), the highest of which was chosen to measure temporal output in 

this work to ensure a detailed temporal output was captured for the contrast level 

examined.  

 These measurements were undertaken in two phases to reflect the fact one 

study (chapter 9) utilised a non-gaze contingent test strategy, while some studies 

incorporated a gaze contingent strategy (chapters 10-12).  For both calibrations a 
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stimulus of luminance 47 cd/m2 of duration 1-15 frames was presented on a uniform 

achromatic 10 cd/m2 background, with OTR-3 measures being captured over a 1 

second period. The OTR-3 aperture was set at 3 mm diameter for all measures with the 

device in apposition to the monitor surface. To reflect the non-contingent test strategy 

OTR-3 measurements were acquired for a 5° diameter stimulus (working distance 640 

mm) presented at 10 eccentricity along the 45º meridian. To determine if temporal 

outputs were accurate for the gaze contingent test strategy (where stimulus location is 

updated with each frame of presentation) an observer was setup and the EyeLink 1000-

plus instrument calibrated (1000 Hz tracking frequency) such that stimulus location was 

updated according to patient gaze position (while instructed to fixate a spot stimulus in 

the monitor geometric centre). Once this was achieved a stimulus that filled the whole 

monitor was presented, with the centre of this stimulus varying with participant gaze 

position and updated within each frame of the presentation. OTR-3 measures were 

performed at 10º eccentricity along the 45º meridian. Temporal luminance outputs for 

all measurements were analysed using custom-written peak-detection code, enabling an 

automated calculation of the number of frames (i.e. phosphor activations) within each 

presented stimulus and the background (fig. 8.3). Prior to analysis the voltage outputs 

were normalised by accounting for voltage measures produced in the absence of light 

(mean of three 1 s measures with the OTR-3 aperture closed). This procedure was also 

used to validate the frame rate (75 Hz). Such measurements confirmed the frame rate 

and all stimulus durations (frame number) to be correct for both the gaze contingent 

and non-gaze contingent strategies, thus confirming that the temporal output of the 

SONY-420GSM monitor was appropriate to examine temporal summation within this 

thesis.  
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- Figure 8.3:  Example OTR-3 output for an individual stimulus presentation of 15 

frames or sum of frames duration 200 ms, detected using MATLAB. Each peak 

demonstrates a single frame or phosphor activation, quantified as voltage amplitude. 

Green circles represent peaks produced by the stimulus, whereas red circles represent 

peaks from the background. 

  

 In order to accurately report stimulus durations using the Bridgeman method 

(see chapter 7 for advantages of this technique over sum-of-frames method) the 

phosphor decay time for the CRT display used was also measured. This was achieved by 

presenting a single frame 5º stimulus of contrast 100 cd/m2 at the geometric centre of 

the monitor, with the output being measured with the OTR-3. This output was 

normalised to account for internal measurement noise within the OTR-3, this then being 

analysed in MATLAB using a customised routine. As Bridgeman does not state the 
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percentage of peak output within a frame that decay time should be measured to, we 

opted to define the start and end of phosphor activity to be 10% above baseline (after 

output normalisation) in line with previously published work (Mulholland et al. 2015, see 

fig. 7.2 in section 7.2.1). 

 

8.2.3 – Stimulus area measurement 

Images are formed on a CRT display by many discrete pixels. This can limit the size and 

shape of stimuli to be presented on the screen. The implications of spatial artefacts 

primarily caused by the nature of such pixels has been discussed in detail in chapter 7. 

Of particular relevance to this work, is to ensure that spot stimuli are presented with the 

correct area required to obtain accurate spatial summation functions. This is also 

important when examining temporal summation due to the intrinsic relationship 

between spatial and temporal summation (Owen 1972).  Considering this, stimulus area 

was verified using two methods. Firstly, a range of stimulus areas (0.0103 – 2.07 deg2) 

were presented at the different visual field eccentricities examined throughout this thesis 

(2.5°, 5° and 10°), and stimulus area was subjectively measured using a ruler to compare 

intended and actually presented areas. Secondly, given potential inaccuracies with 

manual measures, automated methods were used to present the same range of stimuli 

and capture screenshots of such presentations to count pixel number within each 

stimulus. These pixel counts were subsequently used to calculate stimulus area (deg2) 

given the knowledge of the monitor viewing distance and height/width of a single pixel. 

The results of both methods compared to the intended stimulus areas for 2.5°, 5° and 

10° are presented in Table 8.1. Despite this stimulus area was reported following 

automated measurement throughout this thesis.  
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Measured area 

Eccentricity 

Eccentricity 

       2.5° 

2.5° 

              5° 

5° 

       10° 

10° 
Specified area  

 

 

Specified area 

(deg2) 

Manual Automated Manual Automated 

 

Manual Automated 

0.010 0.0067 0.0085 0.0067 0.0085 0.0067 0.0096 

0.023 0.0268 0.0235 0.0268 0.0235 0.0268 0.0235 

0.098 0.107 0.0982 0.107 0.0982 0.1073 0.0982 

0.371 0.429 0.371 0.429 0.371 0.4293 0.3720 

0.851 0.966 0.846 0.966 0.846 0.9656 0.8455 

2.07 2.17 2.07 2.172 2.07 2.1721 2.0667 

 

- Table 8.1:  Validation of stimulus areas in deg2, specified in the experimental code 

using manual and automated methods and presented on a CRT display. 

 

8.3 – Eye tracking  

8.3.1 – Set-up of equipment 

Custom, fully gaze-contingent microperimetry examination is performed in chapters 10-

12 within this thesis. Eye movements are recorded using a high-speed eye tracker (1000 

Hz, EyeLink 1000-plus, SR Research, Canada). The eye-tracker camera can be inserted 

into a variety of mounts, including the tower mount where the EyeLink is positioned at 

a height above the participant to facilitate wide-angle eye tracking. The desktop mount is 

ideal for tracking eye movements within this thesis, since it is can be easily positioned in 

front of the participant while they observe the CRT monitor located behind the eye-

tracker, with their heads placed in a secure, purpose-built chin/head rest. Essentially, eye 

tracking is achieved using an infrared light source that is directed towards the eye 
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(illuminator). This is located on either the right or left side of the device (this can be 

specified to be on either side but was located on the right in this work) and a camera to 

image the eye on the opposite side of the eye tracker. The high-speed camera determines 

the eye tracking rate and is capable of sampling up to 2000 Hz for monocular measures 

(1000 Hz maximum for binocular measures). Importantly however, the rate at which the 

gaze-contingent element of the microperimetry test can occur, and therefore how often 

stimulus position can be adjusted according to eye movements and updated on the 

display, is limited by the monitor frame rate (see section 8.2.2).  

 The host PC refers to the computer that comes with the eye tracker, and is 

installed with EyeLink software. It is therefore designed to quickly receive and analyse 

black and white images from the eye tracker camera, and compute eye position co-

ordinates based in a calibration model. A good calibration model is vital for precise and 

accurate eye-tracking and will be discussed in more detail in section 8.3.2. An image of 

the participant’s eye in addition to eye position is also provided in real-time. Connected 

by an ethernet cable, the host PC sends eye position information to a computer termed 

the display PC. This computer is also responsible for running the experiments and 

administering calibration of the eye tracker. The display PC thus directs stimulus 

presentation onto the CRT monitor. Within this thesis, each psychophysical test is 

designed and controlled using MATLAB, run on a laptop computer. A schematic 

representation of the eye tracker, host PC, display PC and CRT monitor configuration is 

illustrated in figure 8.4. 
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- Figure 8.4:  Schematic representation of equipment set-up required to generate the 

custom, gaze-contingent microperimetry tests within this thesis. Figure adapted from SR 

Research (2009). 

 

 The EyeLink uses a dark pupil-corneal reflection eye tracking principle. This 

works by identifying two ocular landmarks; it distinguishes the dark pupil from the 

surrounding iris, and detects the bright corneal reflex. Comparable to a CRT display, the 

image produced by the EyeLink camera is composed of pixels. When the photocells 

within the camera are hit by incident light photons, voltage is generated for each 

photocell and an image of the eye comprised of voltage values for each photocell 

(represented as a pixel) is produced. The EyeLink software automatically identifies both 

the geometric centre of the pupil and corneal reflection images, these being expressed in 

“Camera Sensor Pixel Units” to ascertain pupil and corneal reflection coordinates. Good 

participant set-up and steady fixation is important for accurate measurement of eye 
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position, since slight head movements or shadows can cause small changes in image 

brightness, affecting which pixels are included in computing pupil and corneal reflection 

coordinates. However, by subtracting the location of the corneal reflection from that of 

the pupil, these effects are minimised. 

 

8.3.2 – Calibration of the eye tracker  

Optimal participant set-up is vital for high-quality eye tracking data. The participant 

should be well aligned with the CRT monitor to ensure they do not rotate their eyes 

beyond the trackable range of the system. The eye tracker itself should be ~50-55 cm 

away from the participant and appropriately angled, such that the test eye is sufficiently 

illuminated. The eye tracker should also be centred in relation to the screen, and 

positioned so as to not obscure the display. While all these things are important to 

consider, arguably the most important element for obtaining high-quality eye tracking, is 

a good calibration model.  

 Prior to performing calibration, the eye tracker camera should be sharply 

focussed onto the test eye to minimise the size of the corneal reflection. Pupil and 

corneal reflection thresholds are then set prior to beginning the test trial. This can be 

done automatically, using the “auto-threshold” command and subsequently adjusted 

using the EyeLink software. Pupil and corneal thresholds are grayscale values ranging 

from 0 (black) to 255 (white), and determine how well the pupil and corneal reflection 

are detected by the host PC. It is essential that these are carefully selected prior to each 

experimental test, so that only the pupil and cornea are used to track the eyes, rather 

than other ocular features. Examples of pupil and corneal reflection thresholds are 

included in figure 8.5. 
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(a) Pupil - low (b) Pupil - ideal (c) Pupil - high

(d) CR - low (e) CR - ideal (f) CR - high

 

- Figure 8.5:  Schematic showing examples of inaccurate and ideal thresholds obtained 

for the (a-c) pupil and (d-f) corneal reflection (CR). 

 

 Calibration requires a participant to fixate a small target as accurately as possible 

while it moves to specified locations around the screen. In the case of the current study 

the fixation spot used (0.5º white spot with 0.25º central negative contrast spot) was 

used in the calibration routines. This process produces a mathematical regression model 

that converts the difference between the pupil and corneal reflection into screen pixel 

coordinates. If the calibration model is poor, tracked eye position will be spatially 

inaccurate, emphasising the importance of high-quality calibration models. Examples of 

good and poor calibration models are illustrated in figure 8.6. The number and pattern 

of targets used determines the display area calibrated, and can be specified in the 

experimental code. Calibration is valid only for how the participant is positioned at that 

moment in time, such that small changes in head position or head tilts can render the 

calibration model inaccurate and the process must be repeated. Calibration was 

performed prior to every psychophysical test, and repeated more often if required. 
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Validation can be used to check the calibration model, and involves the same process. 

This was performed throughout data collection as required.  

 

- Figure 8.6:  Schematic showing examples of good and poor calibration models for the 

5-point grid used throughout this thesis. 

 

8.3.3 – Difficulties in gaze-contingent eye tracking   

A number of difficulties were encountered when attempting to record eye movements 

during microperimetric examination of both AMD and control participants. These relate 

to the relative accuracy and precision of eye tracking. Although both sound similar and 

relate to spatial data quality, accuracy describes the difference between the actual and 

tracked eye position, whereas precision determines the dispersion of tracked eye 

positions during a specific trial period (Feit et al. 2017). In addition to increased fixation 

instability causing greater difficulties with calibration and eye tracking in general, a 

number of other factors can influence the accuracy and precision of eye-tracking using 

the EyeLink system, in this section these will be considered with methods to limit their 

effect discussed.    

 

(a) Good calibration (b) Poor calibration
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8.3.3.1 – Pupil size 

The human pupil is not perfectly round in shape, with non-circularity more frequent in 

some individuals that others (Wyatt 1995). Modern video-base eye tracking technology 

like the EyeLink 1000-plus used in this thesis can easily compensate for inter-individual 

differences in pupil form through careful thresholding prior to beginning an experiment. 

This can also be done for pupil size initially, yet the same threshold values are used 

throughout a given trial, this possibly leading to issues should transient changes in pupil 

size be excessive. Several studies have demonstrated that this is due to movements of 

the pupil centre as it changes in size, consequently changing the tracked eye position 

compared to actual eye position (Wyatt 2010; Drewes et al. 2014; Choe et al. 2016; 

Holmqvist 2017), given that this is computed as the difference between the pupil and 

corneal reflection centres. In such instances data quality, and specifically accuracy, can 

be substantially reduced. Drewes et al. (2014) quantified drift errors caused by pupil size 

changes in 39 control participants and found these values to vary markedly, with mean 

drift errors ranging from 0.34° up to 5.17°. The authors ascribed such findings to 

changes in adapting luminance and thus pupil size variations.  

 Pilot testing of the custom microperimetry tests used in the present work 

revealed that the level of eye-tracking accuracy required for the fully gaze-contingent 

paradigm was not achievable in mesopic conditions due to persistent drift errors caused 

by transient pupil size changes. Mesopic testing conditions required room lights to be 

switched off in an addition to a mesopic background luminance, due to practical 

limitations of experimental set-up (i.e. room light could not be dimmed). Considering 

this, and the importance of the test being fully gaze-contingent to be comparable to the 

fundamentals of microperimetry, we opted for a photopic background luminance (9.78 

cd/m2) with room lights switched on. Figure 8.7 demonstrates the difference in the 
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1°
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3°

4°(a) Mesopic (b) Photopic

accuracy of eye tracking data, yet precision is maintained under mesopic and photopic 

conditions. In both instances fixation stability was good on a central target. 

 

- Figure 8.7:  Fixation stability quantified using 68% BCEA measured over 10 seconds 

under (a) mesopic and (b) photopic conditions for the same observer fixating a central 

white spot with a negative contrast central spot (diameters 0.43° and 0.215° respectively). 

Dashed circles indicate x- and y- decentrations at 1°, 2°, 3° and 4°.   

 

8.3.3.2 – Participant features 

A number of physical participant features in addition to pupil size have been found to 

reduce data quality, by affecting the eye tracking accuracy and/or precision. Paler, 

blueish irides result in a less distinct border between the pupil and iris and can interfere 

with eye tracking (Nyström et al. 2013; Hutton 2019). Ptosis or more droopy eyelids, 

downward pointing or larger eyelashes and eye make-up are all known to obscure the 

pupil and/or corneal reflection (Nyström et al. 2013; Holmqvist 2017; Hutton 2019). 

Interestingly, Holmqvist (2017) reported that eye tracking accuracy was an average of 

0.22° worse in female compared to male participants, this being attributed to make-up 
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and eye-liner in particular. Fortunately, these issues didn’t arise for the participant cohort 

recruited for studies discussed in this thesis.  

 Spectacle use during eye tracking can also reduce precision should there be 

excessive reflections making it difficult for the eye tracker to distinguish these from the 

corneal reflection. For this reason, one may think that anti-reflective coatings may help 

to minimise this issue, yet Nyström et al. (2013) indicated that such coatings absorb 

some of the infrared light causing the test eye to appear darker, and the pupil border to 

become less distinct from the iris. Throughout experimental testing in this thesis, full 

aperture lenses with no anti-reflective coating were worn where required and unwanted 

reflections could be avoided through good participant set-up and clean lenses. Soft 

contact lenses have been found to cause no problems, yet due to hard contact lenses 

being smaller than the iris they can interfere with pupil detection, particularly during 

saccadic eye movements (Hutton 2019). 
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9.  Mesopic spatial summation with visual field 

eccentricity  

  

9.1 – Introduction 

The quantitative measurement of visual function across the central visual field with 

microperimetry (fundus-controlled perimetry) is advantageous to the diagnosis and 

monitoring of retinal diseases such as age-related macular degeneration (AMD). This test 

permits the measurement of contrast thresholds for a stimulus of fixed area and 

duration at pre-selected locations across the central visual field. Distinct from Standard 

Automated Perimetry (SAP), microperimetry incorporates eye or retina tracking such 

that stimulus presentations are gaze-contingent, enabling a more precise determination 

of visual function at defined retinal locations and a better understanding of any 

structure-function relationship (Inatomi 1979; Markowitz and Reyes 2013; Martín et al. 

2017). In select devices the inclusion of real-time bio-feedback can also be used for 

eccentric fixation training in patients affected by central scotomata (Centrevue 2013; 

Nidek Technologies Srl. 2013). For such reasons, microperimetry is considered the 

reference standard visual field examination for the management of patients with 

unstable or eccentric fixation caused by macular pathologies (Rohrschneider et al. 2008; 

Acton and Greenstein 2013; Liu et al. 2015b; Chiang et al. 2018). 

 While microperimetry is widely accepted as a functional measure in clinical 

practice and as an endpoint in clinical trials, it displays a number of marked limitations. 

These include a high measurement variability (Chen et al. 2009b), a limited dynamic 

range (Chen et al. 2009b; Steinberg et al. 2017) and a poor-sensitivity to the effects of 

early and intermediate AMD (Maynard et al. 2016). Previous work (Sunness et al. 2008; 
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Owsley et al. 2016b) has suggested that many of these limitations may be related to the 

design of the test, specifically the mesopic or scotopic adapting field, chosen to 

maximise both sensitivity to early AMD and dynamic range. It has been hypothesized 

that the ability to probe both rod- and cone-mediated function underpins the improved 

sensitivity to early AMD, where the loss of rod photoreceptors precedes cones (Curcio 

et al. 1996). While this theory reflects known histological changes in AMD, previous 

work (Crossland et al. 2012b) has identified the response in healthy observers to be 

mainly cone mediated under conventional mesopic microperimetry conditions 

(background luminance, 1.27 cd/m2), with rods and cones being active under true 

mesopic conditions using dark-adapted microperimetry (addition of 2.0 log unit neutral 

density filter in room illumination <0.1 lux).  

 The ability of the visual system to integrate light photons over space (spatial 

summation) is fundamental to the detection of perimetric stimuli (Anderson 2006; 

Redmond et al. 2010a). For stimuli of sufficiently small area, light energy is linearly 

summed by the visual system and complete spatial summation is observed, as defined by 

Ricco’s Law (Ricco 1877) where the product of stimulus contrast (DI) and area (A), is 

constant at threshold (DI x A = k). The largest area for which this relationship holds is 

known as the area of complete spatial summation or Ricco’s area (RA), with partial 

summation being exhibited for stimulus areas that exceed this. Other empirical laws 

have been proposed to describe the relationship between stimulus area and contrast 

thresholds where partial summation is exhibited, one such example being Piper’s law 

(Piper 1903) whereby contrast thresholds are inversely proportional to the square root 

of the stimulus area. The size of RA is influenced by various factors, including 

background illumination (Barlow 1958; Redmond et al. 2013b), stimulus chromaticity 

(Volbrecht et al. 2000a), and visual field eccentricity (under photopic conditions), 

possibly as a noise-compensatory mechanism (Wilson 1970; Volbrecht et al. 2000b; 
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Khuu and Kalloniatis 2015; Kwon and Liu 2019) such that a constant number of retinal 

ganglion cells (RGCs) remain covered by the stimulus (Swanson et al. 2004; Kwon and 

Liu 2019). It has also been shown to change in some forms of ocular disease such as 

retinitis pigmentosa (Swanson et al. 2000) and glaucoma (Redmond et al. 2010a; 

Mulholland et al. 2015b). We have, however, less understanding of how RA changes in 

mesopic conditions, with only one study reporting spatial summation to be relatively 

constant with increasing visual field eccentricity in healthy observers (Dannheim and 

Drance 1971a). Although in that study stimuli were presented under mesopic conditions, 

stimulus duration was five times longer than typically used in mesopic microperimetry 

(1000 vs 200 ms respectively), limiting clinical relevance because of the known 

interactions between spatial and temporal summation (Owen 1972).   

 The choice of perimetric stimulus area relative to RA has a marked influence on 

the sensitivity of the test to alterations in the neural architecture of the visual pathway 

(Redmond et al. 2010a; Mulholland et al. 2015b; Rountree et al. 2018). Previous work 

has uniformly demonstrated the Goldmann III (GIII) stimulus to be larger than RA 

within the central 10º of the visual field under photopic conditions (10 cd/m2), with the 

eccentricity at which this stimulus is equal to RA being between 10-20º (Swanson et al. 

2004; Khuu and Kalloniatis 2015; Choi et al. 2016a; Rountree et al. 2018). Other studies 

have reported the sensitivity of achromatic photopic perimetry to physiological (e.g., 

with retinal eccentricity) and pathological (e.g., glaucoma) alterations in retinal ganglion 

cell density to be improved using stimuli that are equal to, or smaller than, RA such that 

complete spatial summation is exhibited. It is also possible that if local spatial 

summation characteristics similarly change in AMD in compensation for retinal damage 

(e.g., photoreceptor loss), the damage may be more readily detected in mesopic or 

scotopic conditions because the traditionally used GIII stimulus more closely equates to, 

or is smaller than, the local RA. In this study we examine how RA changes with 
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eccentricity under mesopic microperimetric conditions in a group of participants with 

no eye disease. We also examine the extent to which alterations in co-localized RGC 

density account for any variations in both RA and partial summation with visual field 

eccentricity.  

  

9.2 – Methods 

9.2.1 – Participants 

Five healthy naïve observers with a mean age of 61.4 years (range: 60-63) were recruited 

and tested in the Centre for Optometry and Vision Science (COVS) at Ulster University, 

Northern Ireland. All participants had a best-corrected visual acuity of 20/20 (6/6) or 

better in the test eye, with spherical refractive error and astigmatism within ±6.00 D and 

≤1.25 D respectively. Intraocular pressure was confirmed using Goldmann tonometry 

to be within age-matched normative limits (i.e., ≥11 and ≤23 mmHg). Slit-lamp 

assessment of the anterior eye and biomicroscopic assessment of the posterior segment 

showed no significant media opacities or ocular pathology in all participants, with optical 

coherence tomography (OCT) measures of peripapillary retinal nerve fibre layer (RNFL) 

thickness and macular cube (15ºx15º) within normal limits (Spectralis OCT, Heidelberg 

Engineering Gmbh., Germany). Full visual fields were confirmed using the 24-2 SITA 

standard test on the Humphrey Field Analyser (Carl Zeiss Meditec, Dublin, CA, USA). 

Visual fields were examined according to criteria published by Hodapp et al. (1993) to 

exclude any glaucoma-related visual field loss, and also examined for artifacts (e.g. 

caused by corrective lens). All observers were also free of any systemic disease that may 

affect visual performance. Controlled systemic conditions that would not affect vision 
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were permitted e.g. controlled hypertension. Additionally, none of the participants were 

taking any medication known to affect the visual field e.g. hydroxychloroquine.  

 The study was reviewed and approved by the Ulster University School of 

Biomedical Sciences Ethics Filter Committee. The research protocol adhered to the 

tenets of the Declaration of Helsinki and each participant provided informed consent 

prior to data collection.  

 

9.2.2 – Apparatus and stimuli 

Stimuli were generated using MATLAB (R2016b, The MathWorks Inc., Natick USA) 

with Psychtoolbox (version 3.0), driven by a Bits# Stimulus Processor in Mono++ 

mode (Cambridge Research Systems, Rochester, UK) and presented on a g-corrected 

21-inch CRT display (SONY 420-GSM; frame rate: 75 Hz, pixel resolution 1280 x 1024). 

Ambient room illumination and a uniform background luminance of 1.58 cd/m2 was 

used for all participants. Assuming a minimum pupil diameter of 7 mm, this background 

gives a retinal illuminance of 2.18 scotopic trolands, which is below the level at which 

rod participation in the determination of threshold is likely to be entirely absent (Aguilar 

and Stiles 1982). Given the position of this retinal illuminance value on the Weber curve 

and relative to the rod saturation point, an absence of cone involvement is unlikely. 

Therefore, we can say with confidence that data collection was undertaken under 

mesopic conditions (i.e. both rod and cone involvement). The maximum luminance of 

test stimuli was 126 cd/m2. Chromaticity co-ordinates for the background and stimuli 

were x=0.250 and y=0.295. All luminance measurements and temporal outputs were 

verified with a colorimeter (ColorCAL-II; Cambridge Research Systems) and Optical 

Transient Recorder-3 (OTR-3, Display-Messtechnik, Germany) respectively. Responses 
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were collected using a Cedrus RB-540 response box (Cedrus Inc., USA). Prior to 

commencing each experiment, the CRT display was allowed a one-hour warm-up time.  

 Achromatic contrast thresholds were measured for six incremental spot stimuli 

of constant duration (200 ms) and varying area (area 1: -2.07, area 2: -1.63, area 3: -1.03, 

area 4: -0.43, area 5: -0.07, area 6: 0.32 [log deg2]) at eccentricities of 2.5°, 5°, and 10°, 

along each of the 45°, 135°, 225°, and 315° meridians. Measurements were performed 

for one eye only, with the test eye selected by the participant in the event of both eyes 

meeting the inclusion criteria. The pupil in the test eye was dilated (≥7 mm) using 

Tropicamide Hydrochloride 1% to ensure uniform retinal illuminance in all observers. 

Following pupil dilation, a period of 10 minutes adaptation time was permitted with the 

participants viewing the test display in a darkened room. Refractive error for the test eye 

was then determined foveally for a viewing distance of 64 cm by an experienced 

optometrist. During study measurements, observers placed their heads in a secure, 

purpose-built chin-rest whilst wearing a trial frame holding full-aperture corrective 

lenses for the test eye, and an opaque occluding patch over the fellow eye. 

 

9.2.3 – Psychophysical procedure 

Contrast thresholds were measured at each visual field location using a randomly 

interleaved 1/1 staircase and a “Yes/No” procedure, terminating after six reversals. 

Stimulus area and test eccentricity were randomly selected for each test run. Observers 

were asked to press a response button to indicate stimulus detection. If no response was 

collected within a specified window of two seconds after stimulus presentation, it was 

registered unseen.  Stimulus contrast was decreased following a “seen” response and 

increased following an “unseen” response. Reversals in responses were registered when 

a change from “seen” to “unseen” or vice versa was detected. Stimulus contrast was 
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changed by 0.5 log units (5 dB) up to the first reversal, by 0.25 log units (2.5 dB) up to 

the second reversal, by 0.1 log units (1 dB) up to the third reversal, and finally by 0.05 

log units (0.5 dB) for greater than three reversals. The mean of the final four reversal 

values was taken as threshold at each test location. These threshold values corresponded 

to the 50% seen point on a psychometric function (Levitt 1971). False positive catch-

trials were also presented as 0% contrast stimuli in each test. Data were discarded if false 

positive rates exceeded 20%, resulting in the participant being re-advised, and that 

particular test repeated. All data were collected within a single session, lasting 

approximately one and half hours for all participants. To avoid fatigue, regular rest 

periods were included. 

 

9.2.4 – Data analysis 

Iterative two-phase regression analysis (Levenberg-Marquardt estimation, maximum 

5000 iterations) was used to generate spatial summation functions (log contrast 

threshold vs. log stimulus area) and estimate RA at each test location. This analysis fits 

two lines to the data with the slope of the first line being constrained to -1, representing 

complete spatial summation in line with Ricco’s Law (fig. 9.1A). The slope and intercept 

of the second line in the model was free to vary, reflecting the degree of partial 

summation exhibited. The point at which these lines intersect, known as the breakpoint, 

was taken to indicate both RA and the contrast threshold for a stimulus equal to RA. If 

the bilinear fit were to fail due to variability within the data set, or RA was estimated to 

be less than the smallest stimulus area (-2.07 log deg2), the data were excluded from 

further analysis.  
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 - Fig. 9.1:  Methods used to (A) generate spatial summation functions (iterative 

two-phase regression analysis) and (B) examine for the range of stimulus areas for which 

Piper’s law was found to be exhibited (see methods for full description). 

 

 The effect of eccentricity on partial summation was also investigated in this 

study. Partial summation was quantified as the slope of the second line in each 

summation function, constructed using iterative two-phase regression analysis (fig. 9.1A). 

In addition to this, the range of stimulus areas where Piper’s law was found to hold at 

each location was examined by fitting a second order polynomial function to the spatial 

summation data collected (log stimulus area vs. log DI) and examining the gradient of a 

tangent to this best-fitting curve at 50 uniformly spaced points between the largest and 

smallest stimulus areas examined (see fig. 9.1B). For each summation function the range 

of stimulus areas where the slope of the gradient was -0.50 was recorded, this analysis 

being repeated for each observer at all meridians and test eccentricities. 

 The number of RGCs underlying both RA and those stimuli where Piper’s law 

held were calculated using the method proposed by Kwon and Liu (2019). In short, 

RGC density (all RGCs and midget RGCs) was calculated for each test location after 



 Chapter Nine 229 
 

adjustment for the lateral displacement of RGCs from underlying photoreceptors 

(receptive fields) using the calculation proposed by Drasdo et al (2007). Using these 

values, the RGC number underlying a given stimulus was subsequently calculated as the 

product of stimulus area and co-localized RGC density. The contribution of RGC 

density in determining the size of both RA and stimulus areas for which Piper’s law was 

exhibited was expressed as the proportion of the total variance that could be explained 

solely by RGC number (eq. 9.1).  

 

 

 

To undertake this calculation, RGC number underlying RA was calculated assuming that 

variations in RGC number completely accounted for alterations in the size of RA with 

eccentricity (full contribution) and had no contribution to any changes observed (zero 

contribution). These hypothetical outcomes were then used to calculate the residual 

sum-of-squares (RSSzero and RSSFull) for the observations in this study. 

 The effect of increasing visual field eccentricity on RA and partial summation 

(summation function second line slope) was examined for each visual field meridian 

using a Friedman test. Post-hoc Wilcoxon signed-rank tests were used to examine pair-

wise differences in RA or partial summation as indicated. Identical analysis was applied 

to examine the effect of visual field eccentricity on contrast thresholds measured with 

stimuli scaled to localised spatial summation characteristics and RGC number underlying 

RA. Ordinary least squares (OLS) linear regression analysis was applied to quantify the 

relationship between log increment contrast threshold for each stimulus area (mean 

across all meridians) with visual field eccentricity in individual observers to determine 

the effect of stimulus area on the hill-of-vision (HOV) slope. A Friedman test with post-

hoc tests was subsequently used to examine the effect of stimulus area on HOV slope. 

𝑪𝒐𝒏𝒕𝒓𝒊𝒃𝒖𝒕𝒊𝒐𝒏	(%) = 	 .
𝑹𝑺𝑺𝒁𝒆𝒓𝒐 −	𝑹𝑺𝑺𝑭𝒖𝒍𝒍

𝑹𝑺𝑺𝒁𝒆𝒓𝒐
2 ∗ 𝟏𝟎𝟎 

(9.1) 
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To examine the effect of eccentricity on the range of stimulus areas where Piper’s law 

was exhibited, data were grouped across all meridians and observers for each eccentricity, 

with a Kruskal-Wallis used to examine for statistically significant differences. For all 

analyses P-values were corrected for multiple comparisons (Holm-Bonferroni 

correction) with an alpha (a) value of 0.05 taken to be statistically significant.  

 

9.3 – Results 

In total, 60 localised spatial summation functions were generated in this study. Six RA 

estimates were excluded from further analysis due to variability in the data set (n=4) or 

values generated that were smaller than the minimum stimulus area (n=2). Summary 

spatial summation functions for each meridian may be seen in figure 9.2.  
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- Fig. 9.2:  Mean spatial summation functions at each test eccentricity (2.5-10º) for the 

45º (A), 135º (B), 225º (C) and 315º (D) meridians. Confidence intervals (95%) are 

included as shaded regions for each test eccentricity, with the dashed lines to the x-axis 

representing the estimated Ricco’s area values. Boxplots of Ricco’s area measures in 

individual observers are included for reference. Boxplot limits are defined as the 

maximum whisker length of q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, 

respectively. 

 

 RA estimates (median, interquartile range [IQR]) were -1.29 log deg2 (IQR -1.58 

to -1.14), -1.04 log deg2 (IQR -1.16 to -0.98) and -1.09 log deg2 (IQR -1.38 to -0.94), at 

2.5°, 5°, and 10° respectively. No statistically significant differences in RA were 

observed with visual field eccentricity with any meridian examined (45º: c2(2)=1.5, 

P=0.47; 135º: c2(2)=1.5, P=0.72; 225º: c2(5)=1.5, P=0.47; 315º: c2(2)=3.5, P=0.17). RA 

is plotted as a function of visual field eccentricity in individual participants for each 

meridian (where data was available) in figure 9.3. At all test locations, median RA (log 
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deg2) was found to be smaller than the standard GIII stimulus used in conventional 

microperimetry (fig. 9.3F). Examining the pointwise difference in RA with GIII in 

individual observers, no statistically significant difference was observed with visual field 

eccentricity for all meridians (all P>0.05, fig. 9.3). A total of 87.5%, 85% & 83.3% of RA 

values at 2.5º, 5º and 10º eccentricity respectively were smaller than the GIII stimulus 

(fig. 9.4). 

 

 

- Fig. 9.3:  Changes in Ricco’s area with visual field eccentricity for individual 

participants (A-E) and all participants and locations (F). Meridians were omitted from 

plots where Ricco’s area values computed for one or more test locations were excluded. 

Boxplot limits in (F) are defined as the maximum whisker length of q1-1.5*(q3-q1), 

where q1 and q3 are 25th and 75th percentiles, respectively. 
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- Fig. 9.4:  Differences in Ricco’s area compared with Goldmann III stimulus along 

each test meridian. Numbers of Ricco’s area values larger (superior plot) and smaller 

than the Goldmann III stimulus (inferior plot) are reported as percentages. Boxplot 

limits are defined as the maximum whisker length of q1-1.5*(q3-q1), where q1 and q3 are 

25th and 75th percentiles, respectively. 

 

 When expressed as the slope of the second line in the summation function, the 

level of partial summation was found to increase as a function of eccentricity (2.5º: -0.43, 

IQR -0.33 to -0.46, 5º: -0.43, IQR -0.39 to -0.39, 10º: -0.55, IQR -0.41 to -0.60), but this 

was not statistically significant for the meridians examined (45º: c2(2)=0.5, P=0.79; 135º: 

c2(2)=4.7, P=0.10; 225º: c2(5)=1.5, P=0.47; 315º: c2(2)=2.0, P=0.34, fig. 9.5a). In a 

similar fashion we also observed the median stimulus area (log deg2) for which Piper’s 

law was found to hold varied with eccentricity (2.5º: -0.53, IQR -0.77 to -0.35, 5º: -0.41, 
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IQR -0.58 to -0.03, 10º: -0.12, IQR -0.27 to 0.05), these differences were however found 

to be statistically significant for all meridians examined (45º: c2(2)=16.9, P<0.001; 135º: 

c2(2)=19.0, P<0.001; 225º: c2(5)=6.3, P=0.04; 315º: c2(2)=22.5, P=0.001, fig. 9.5b). 

Post-hoc tests revealed there to be statistically significant differences in the range of 

stimulus areas for which Piper’s law was observed at 2.5º and 10º eccentricities along the 

45º, 135º and 315º meridians (all P<0.001). Statistically significant differences were also 

observed between locations at 2.5º and 5º along the 45º and 315º meridians (both 

P<0.001), in addition to locations at 5º and 10º along the 45º meridian (P=0.001). 

 

 

- Fig. 9.5:  Boxplots of (a) iterative two-phase regression (TPR) second line slope 

(representing partial summation) for each meridian examined at all test eccentricities 

(included for reference are dashed lines at 0, 0.5 and 1 to represent the slope when 

summation is totally absent, Piper’s law applies, or complete summation is present), and 

(b) the range of stimulus areas where Piper’s law was exhibited at each test eccentricity. 

Boxplot limits are defined as the maximum whisker length of q1-1.5*(q3-q1), where q1 

and q3 are 25th and 75th percentiles, respectively. Grey spot markers (1-6) in plot (b) 

represent the six stimulus areas used to examine spatial summation. 
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 Contrast at threshold (log DI) for stimuli equal to RA were found to be similar 

for locations at 2.5º (-0.23, IQR -0.21 to -0.12) and 5º eccentricity (-0.23, IQR -0.31 to -

0.14), but higher for locations at 10º eccentricity (0.20, IQR -0.11 to 0.49). These 

differences were however not statistically significant for all meridians examined (all 

P>0.05). When this analysis was undertaken for individual stimulus forms (fig. 9.6), it is 

clear that the hill-of-vision is dependent upon the stimulus area considered and the 

extent of spatial summation that is exhibited. The steepest OLS regression line slope 

was observed for stimuli that exhibited complete spatial summation (0.01 deg2: 0.81, 

IQR 0.62 to 1.12 [fig. 9.6A]; 0.03 deg2: 1.10, IQR 0.83 to 1.32 [fig. 9.6B]), this slope 

value decreasing for those stimulus areas exhibiting partial summation and being flattest 

for the largest stimulus (2.07 deg2: 0.41, IQR 0.33 to 0.56 [fig. 9.6F]). Such differences in 

hill-of-vision slope with stimulus area were found to be statistically significant across the 

range of stimuli examined (c2(5)=15.6, P=0.008). Post-hoc tests revealed hill-of-vision 

slope for stimulus area one (0.01 deg2) and two (0.03 deg2) to be significantly higher 

(both P<0.05) compared to stimulus area six (2.07 deg2). Differences in contrast 

thresholds for the smallest and largest stimuli in each observer were also found to 

increase significantly with visual field eccentricity (c2(2)=2.4, P=0.015), and post-hoc 

Wilcoxon-signed rank tests revealed statistically significant differences (P=0.01) in 

thresholds for the largest and smallest stimuli to exist between the 2.5º and 10º 

eccentricities only. 
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 In contrast to studies undertaken in photopic conditions (Swanson et al. 2004; 

Kwon and Liu 2019), the number of RGCs (all cell types) found to underlie RA in the 

current study was found to be constant between visual field locations at 2.5º (83.0 cells, 

IQR 39.7-114.0) and 5º (90.0 cells, IQR 62.6-102.6), but lower at 10º (27.6 cells, IQR 

11.0-45.1). Similar trends were observed for midget RGCs (2.5º: 66.6 cells, IQR 31.8-

91.5; 5º: 69.4 cells, IQR 48.3-79.3; 10º: 19.2 cells, IQR 7.6-31.3). Despite differences 

being observed with eccentricity, these failed to reach statistical significance for the 

locations examined when considering all RGC subtypes and midget RGCs alone (45º: 

c2(2)=3.5, P=0.35; 135º: c2(2)=4.7, P=0.29; 225º: c2(5)=1.5, P=0.47; 315º: c2(2)=6.5, 

P=0.16, fig. 9.7a-b). No statistically significant differences in the number of RGCs 

underlying stimuli where Piper’s law was exhibited were observed for all RGC subtypes 

and midget RGCs (45º: c2(2)=4.7, P=0.29; 135º: c2(2)=2.6, P=0.36; 225º: c2(5)=6.0, 

P=0.20; 315º: c2(2)=3.5, P=0.36, fig. 9.7c-d). The proportion of changes in RA with 

eccentricity that was explained by variations in RGC density was 49.2% and 52.4% for 

all RGC subtypes and midget RGCs respectively. Interestingly, the proportion of 

changes in Piper’s law adherence with eccentricity explained by RGC density changes 

was higher at 64% and 66.9% for all RGC subtypes and midget RGCs respectively.  
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- Fig. 9.7:  Boxplots of retinal ganglion cell (RGC) number (all subtypes and midget 

cells) underlying Ricco’s area (a-b) and stimuli found to exhibit Piper’s law (c-d) across 

the visual field eccentricities examined. Boxplot limits are defined as the maximum 

whisker length of q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, 

respectively. Included for reference are the number of cells reported to underlie Ricco’s 

area in photopic conditions (grey lines). The extent to which changes in Ricco’s area 

across the visual field are accounted for by RGC density is reported as a percentage, this 

being calculated based upon the hypothetical situations where 0% (red solid line) and 

100% (black dashed line) of the variance in Ricco’s area is accounted for by RGC 

density (see methods for further details). 
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9.4 – Discussion 

In this study, we examined spatial summation across the central visual field (2.5-10º) in 

mesopic adaptation conditions finding no statistically significant variation in RA at all 

test locations examined. While this is the case, we did observe partial summation, 

expressed as the slope of the second component line in each spatial summation function 

constructed, to increase with visual field eccentricity although this failed to reach 

statistical significance. In contrast, Piper’s law was exhibited for significantly larger area 

stimuli at 10º compared with 2.5º. Both RA and partial summation appear to be partially 

determined by RGC density, with the number of RGCs subserving RA not being 

constant. In agreement with previous work undertaken in photopic conditions (Khuu 

and Kalloniatis 2015) the slope of the hill-of-vision was also found to be steepest with 

small area stimuli and flattest for large area stimuli, this being related to the extent of 

spatial summation exhibited for each stimulus form. 

 While it is universally reported that RA enlarges as a function of visual field 

eccentricity in photopic conditions (Wilson 1970; Inui et al. 1981; Khuu and Kalloniatis 

2015; Kwon and Liu 2019), only one previous study (Dannheim and Drance 1971a) has 

examined spatial summation across the central visual field in mesopic adaptation 

conditions. In agreement with the findings of the current study, Dannheim and Drance 

(1971a) reported the shape of spatial summation functions collected in mesopic 

conditions for a stimulus duration of one second to remain constant between 0º and 30º 

eccentricity along the 45º meridian in healthy participants aged 20-79 years. Conversely 

spatial summation function shape was found to alter markedly between the same visual 

field locations in photopic conditions (background 3.18 cd/m2). Despite such trends, the 

authors report the maximal change in stimulus diameter (from 0.083° to 2°) to induce a 

change in contrast thresholds that was approximately 40% greater at 30° compared to 5° 
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eccentricity under both mesopic and photopic adaptation conditions. A similar 

observation was made in the current study whereby changing stimulus area from 0.01 to 

2.07 deg2 induced a 30.3% greater change in contrast thresholds at 10º when compared 

with 2.5º eccentricity. In the absence of alterations in RA it is likely such findings may be 

accounted for by an increased degree of partial summation at 10º compared with 2.5º, 

this trend being observed in this study (fig. 9.5). Using similar methodology, Choi et al. 

(2016) reported partial summation to increase with visual field eccentricity under 

photopic conditions, the extent of partial summation being lower when compared with 

those in the current study. 

 Changes in photopic spatial summation with visual field eccentricity have been 

hypothesized to be a noise compensatory mechanism strongly related to local RGC 

density, whereby a critical number of functionally intact RGCs underlie RA (Swanson et 

al. 2004; Kwon and Liu 2019). Swanson et al. (2004) demonstrated the relationship 

between the number of RGCs underlying a GIII stimulus estimated from normative 

histological RGC counts (Curcio and Allen 1990) and photopic contrast thresholds for 

the same stimulus to be best described by a two-phase linear model whereby a slope of 

unity was observed when RGC number was £31.6 cells (~15º eccentricity), this breaking 

down when cell number was greater than 31.6 (0-15º eccentricity). More recently, RA 

was found to enlarge between 4º and 18.5º eccentricity, with the number of RGCs 

underlying RA reported to be constant (~14 RGCs), accounting for 89% of the variance 

in RA with eccentricity, with the same number of RGCs determining contrast detection 

when calculated using a retina-V1 model (Kwon and Liu 2019). Interestingly, a lower, 

but still constant number of midget RGCs (~10) were estimated to underlie RA this 

accounting for a comparatively lower 79% of the variance in RA with eccentricity. While 

such evidence points strongly to RGC number, and particularly the density of parasol 

RGCs, in determining the extent of RA and its variation across the visual field in 
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photopic conditions, such trends were not observed in the current study whereby only 

49.2% of the variance in RA with eccentricity was explained by variations in overall 

RGC density (fig. 9.7a). Furthermore, the difference in the contribution of midget RGCs 

to RA changes (52.4%) when compared with all RGC subtypes (49.2%) was found be 

smaller than reported in photopic conditions. 

 Unsurprisingly, the size of RA and thus the number of RGCs found to underlie 

a stimulus equal to RA at each eccentricity appear to be higher than those reported in 

photopic conditions (Swanson et al. 2004; Kwon and Liu 2019). These findings likely 

reflect dynamic alterations in the organization of antagonistic center-surround RGC 

receptive fields, a feature hypothesized to contribute at least in part to determining the 

extent of RA at a given location. Evidence for altered RGC receptive field characteristics 

with adaption conditions may be seen from the work of Barlow et al. (1957). In that 

study ex-vivo recordings of cat RGCs revealed the inhibitory surround of centre-

surround antagonistic RGC receptive fields to be negligible with some enlargement of 

the center following a period of dark-adaptation, these changes being attributed to 

reduced lateral inhibition in the dark-adapted retina. Wiesel and Hubel (1966) observed a 

similar trend for receptive fields of parvocellular cells at threshold in the lateral 

geniculate nucleus in macaque monkeys. Psychophysical evidence for reduced inhibitory 

surround size following dark-adaptation in human observers may also be inferred from 

pattern-evoked electroretinogram measures undertaken in light- and dark-adapted 

conditions (Korth et al. 1987). No such changes in basic receptive field characteristics in 

the V1 of the monkey visual cortex have however been reported (Duffy and Hubel 

2007). 

 While an increase in RA in mesopic relative to photopic conditions is anticipated, 

our finding that alterations in RGC density account for only a small proportion (~50%) 

of the variations in RA with eccentricity is surprising. In photopic conditions ~80-90% 
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of changes in RA with eccentricity are explained by RGC density changes at 

corresponding retinal locations (Kwon and Liu 2019), the result being that RGC number 

underlying RA is essentially constant when estimated using identical methods to the 

current study. Considering such trends, it is possible that alterations in receptive field 

characteristics at the retina and/or visual cortex, rather than RGC density alone, may 

account for the observed lack of uniformity in RGC number at RA. Such receptive field 

changes may manifest as a differential effect of the dark-adaptation process on the 

various RGC subtypes moderating the detection of the achromatic spot stimuli 

presented. Previous work has identified the extent of receptive field centre size change 

between X- and Y-type RGCs in the cat retina to differ during the dark adaptation 

process (Enroth-Cugell and Robson 1966; Enroth-Cugell et al. 1977). Considering the 

ratio of midget RGCs to other RGC subtypes alters markedly from the fovea to mid-

peripheral retina (Dacey 1993), any relative differences in receptive field organisation 

with visual field location may lead to differences in the extent of changes in RA and thus 

RGC number underlying a RA stimulus under non-photopic adapting luminances. An 

alternative explanation may also be that RGC number at RA is not constant at all 

locations in the visual field as previously hypothesized. Closer examination of the data 

presented by Kwon and Liu (2019) for photopic conditions reveals RGC number at RA 

to be higher in the central visual field, with RGC number being relatively constant for 

locations beyond 8º eccentricity. The trend towards higher RGC counts at 2.5º and 5º 

eccentricities (fig. 9.7) compared to 10º is also replicated in our study. It may also be 

argued that this finding is simply an artefact of the use of average post-mortem RGC 

counts from healthy adult eyes, such counts not fully accounting for inter-individual 

variations in anatomy.  

 The results of this study also indicate that the GIII stimulus conventionally used 

in microperimetry is markedly closer in size to RA in the central 10º of the visual field in 
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mesopic conditions compared with photopic conditions ((Mulholland et al. 2013, Kwon 

and Liu 2019, fig. 9.3F). This is significant considering our observation that the slope of 

the hill-of-vision, and thus sensitivity to changes in the density of photoreceptors and 

RGCs across the retina, is markedly influenced by stimulus area and the extent of spatial 

summation that is exhibited. Hill-of-vision slope appears to reduce proportionally to the 

degree of summation exhibited, this being highest for stimuli exhibiting complete spatial 

summation (fig. 9.6A-B) with a small decline for increases in stimulus area over which 

partial summation is present (fig. 9.6C-F). As the GIII stimulus in photopic conditions is 

markedly larger than RA within the central 10º of the visual field it may be argued that 

the stimulus will be insensitive to small changes in the neural architecture of the retina in 

conditions such as AMD. In contrast it may be hypothesized that the use of the same 

stimulus in mesopic conditions, where a higher level of partial summation, is observed 

will permit more subtle variations in disease status to be detected, thus somewhat 

accounting for the improved sensitivity of mesopic relative to photopic microperimetry 

(Feigl et al. 2005; Hogg and Chakravarthy 2006b; Rohrschneider et al. 2008). 

Furthermore, should spatial summation be altered as part of the AMD disease process, 

such changes would be more readily detected in mesopic conditions owing to the 

smaller differences between the GIII stimulus and local RA measures under these 

conditions. While it is acknowledged that spatial vision is impaired in AMD, previous 

work has suggested RA is unchanged as part of the disease process (Zele et al. 2006). 

Importantly however no study has investigated this under the standardised conditions of 

microperimetry where stimulus presentations are gaze-contingent. Such work is essential 

to determine the optimal stimulus characteristics for use in an AMD specific perimetric 

test of visual function. 

 While our finding of RA being relatively independent of underlying RGC 

number is of interest, it may be argued that the Drasdo (2007) method used to estimate 
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local RGC density is not an optimal model to apply. In this analysis mean histological 

data from healthy eyes with a mean axial length of 23.84 mm (Curcio and Allen 1990) is 

used, it being assumed that all observers have similar biometric characteristics. In this 

case, inter-individual differences in ocular anatomy and thus RGC density are not 

accounted for. While this is the case, this method was chosen to replicate the study 

methods employed by Kwon and Liu (2019) under photopic conditions to compare 

characteristics of spatial summation under mesopic conditions investigated in this work. 

 

9.5 – Conclusions 

The area of complete spatial summation (RA) is smaller than a standard GIII stimulus 

and no significant variation in RA was found across the central visual field examined in 

this study, under adaptation conditions of mesopic microperimetry. The absence of an 

increase in RA with retinal eccentricity is in contrast to spatial summation under 

photopic conditions. Further work is required to determine if compensatory 

enlargements in RA occur in varying degrees of macular disease such as AMD, 

increasingly examined by microperimetry. This may have implications for the selection 

of optimal stimuli for use in microperimetry (see chapter 10).  
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10.  Investigating the spatiotemporal summation of 

microperimetric stimuli in AMD 

  

10.1 - Introduction 

Age-related macular degeneration (AMD) is one of the leading causes of sight loss 

worldwide (Flaxman et al. 2017). In the UK alone, approximately 0.5 million are visually 

impaired due to the condition, with this being estimated to increase to 1.23 million by 

2050 (Pezzullo et al. 2018). Two disease processes may occur in AMD resulting in the 

phenotypically distinct neovascular (nvAMD) or atrophic (aAMD) forms of the disease. 

Anti-VEGF intravitreal injections are primarily used to treat the neovascular form of 

this progressive condition (Cheung and Wong 2013; Tah et al. 2015; National Institute 

for Health and Care Excellence 2018), there currently being no validated therapy for 

aAMD. While this is the case, novel interventions for the treatment of aAMD are the 

primary focus of numerous clinical trials (Kassoff et al. 2001; Chew et al. 2014b; 

Constable et al. 2016; Merry et al. 2017; Bailey-Steinitz et al. 2020; Dreismann et al. 

2021). 

 The measurement of visual function is central to the clinical management of 

AMD and as an endpoint in trials investigating novel therapeutic interventions for the 

condition. Currently, high contrast visual acuity (VA) serves as the primary functional 

biomarker for disease detection and monitoring (Brown et al. 2006; Ivandic and Ivandic 

2008; Chakravarthy et al. 2015; Rodrigues et al. 2016). While easy to undertake, and 

familiar to patients, this test only reflects visual function within a limited region of the 

visual field (fovea or preferred retinal locus [PRL]) with any changes potentially also 

being non-specific to the AMD disease process. VA may also be spared depending upon 
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the location, extent and form of AMD associated lesions (Hogg et al. 2003) with the 

result that these measures exhibit a weak relationship to vision related quality-of-life in 

the disease (Maguire and Complications of Age-Related Macular Degeneration 

Prevention Trial Research Group 2004; Seland et al. 2011; Pondorfer et al. 2019). In 

view of such limitations, microperimetry, also known as fundus perimetry (Inatomi 

1979; Nishida et al. 2002), fundus-controlled perimetry (Kani and Ogita 1979) or 

fundus-related perimetry (Midena et al. 2007a; Crossland et al. 2012a), undertaken in 

photopic, (Landa et al. 2011; Liu et al. 2015b) mesopic (Midena et al. 2007b; Nebbioso 

et al. 2014; Wu et al. 2014d; Steinberg et al. 2016; Pfau et al. 2017a; Vujosevic et al. 

2017) and scotopic (Nebbioso et al. 2014; Steinberg et al. 2016; Pfau et al. 2017a) 

conditions has increasingly gained acceptance as a functional biomarker of AMD (Chen 

et al. 2009a; Squirrell et al. 2010; Meleth et al. 2011; Wu et al. 2015b; Finger et al. 2019). 

This test permits the measurement of achromatic and/or chromatic contrast thresholds 

at multiple, pre-selected locations across the central visual field, using a stimulus of 

constant area (typically Goldmann III [GIII], 0.43º) and presentation duration (100-200 

ms). To account for voluntary and involuntary eye movements, stimulus position is 

adjusted in real-time, thus permitting more accurate structure-function relationships to 

be established compared to standard automated perimetry (SAP) in observers with 

unstable fixation (Midena et al. 2007a; Acton et al. 2011).  

 Although widely adopted, microperimetry suffers from a number of significant 

limitations including high measurement variability (Chen et al. 2009b), a limited dynamic 

range, (Chen et al. 2009b; Steinberg et al. 2017) and a poor-sensitivity to the effects of 

early and intermediate AMD (Maynard et al. 2016). While test sensitivity and dynamic 

range may be improved by reducing the adapting luminance of the test to mesopic 

(Rohrschneider et al. 2005; Liu et al. 2014) or scotopic (Steinberg et al. 2016; Nittala et al. 

2019) levels, the stimuli used in all forms of the test were not selected with any reference 
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to how the visual system integrates light energy over space (spatial summation) or time 

(temporal summation) and whether these processes alter in AMD.  Rather, stimuli were 

selected to be the same as those used in SAP and earlier kinetic perimetry (International 

Council of Ophthalmology 1978) (i.e., Goldmann areas I-IV and presentation duration 

100-200 ms to be shorter than the assumed minimum velocity of voluntary saccadic eye 

movements). 

 Ricco’s law (Ricco 1877) states that the product of stimulus contrast (DI) and 

area (A) is constant at threshold (DI x A = k). This relationship holds true for a range of 

small area stimuli, the largest stimulus area for which this occurs being known as Ricco’s 

area (RA). For larger stimuli, Ricco’s law breaks down and light is only partially summed 

by the visual system. RA is known to enlarge with reduced background luminance 

(Barlow 1958; Redmond et al. 2013a), increasing visual field eccentricity (Wilson 1970; 

Volbrecht et al. 2000b; Khuu and Kalloniatis 2015; Kwon and Liu 2019), and in various 

ocular diseases, including glaucoma (Redmond et al. 2010a; Mulholland et al. 2015b), 

amblyopia (Je et al. 2018), retinitis pigmentosa (Swanson et al. 2000) and myopia 

(Stapley et al. 2020). Such changes in spatial summation are thought to reflect a noise-

compensatory mechanism whereby the visual system seeks to maximise visual sensitivity 

for given environmental conditions or where cellular density and/or function are altered 

in disease. Importantly, it has been reported that perimetric stimuli designed to probe 

localised changes in spatial summation in glaucoma offer an improved sensitivity to 

retinal ganglion cell (RGC) loss in the disease and a more favourable ratio of test 

sensitivity to measurement variability when compared to the standard GIII stimulus for 

achromatic SAP (Redmond et al. 2010a; Rountree et al. 2018).  

 In a similar manner to spatial summation, light energy is also integrated over 

time (temporal summation), this process being described by Bloch’s law (Bloch 1885). 

Analogous to Ricco’s law, in this case the product of stimulus contrast (DI) at threshold 
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and stimulus duration (t) are constant (DI x t = k). The maximum stimulus duration for 

which complete temporal summation occurs is referred to as Bloch’s duration or, more 

commonly, the critical duration. Beyond this point, incomplete temporal summation is 

observed. Similar to the spatial domain, temporal summation is known to vary with 

background luminance (Graham and Kemp 1938), stimulus area (Graham and Margaria 

1935; Barlow 1958; Saunders 1975)  and in some forms of ocular disease. Mulholland et 

al. (2015b) reported temporal summation to be greater in patients with early glaucoma 

compared to healthy controls, such changes being hypothesized to be a result of the 

apoptotic death of RGCs, pre-morbid RGC dysfunction and/or changes in the receptive 

field characteristics of the visual cortex. Interestingly, the critical duration was found to 

be increased when examined using stimuli exhibiting incomplete (GIII) and complete 

spatial summation, indicating that changes in temporal summation occur over and above 

altered spatial summation in glaucoma. It was suggested that perimetric stimuli capable 

of probing altered spatiotemporal summation in glaucoma (i.e., modulating in area, 

duration and luminance) would be capable of boosting the disease signal to 

glaucomatous damage by approximately 300% compared to standard perimetric stimuli. 

 Although spatial and temporal summation are central to psychophysical 

examination of visual function and have significant implications for the choice of 

perimetric stimulus parameters, there is limited research within this area in relation to 

AMD. Brown and Lovie-Kitchin (1987) found altered temporal contrast modulation 

sensitivity in AMD participants compared to age-matched controls. In later work the 

same group found the critical duration to be longer in patients with AMD compared to 

healthy controls, but this difference failed to reach statistical significance (Brown and 

Lovie-Kitchin 1989). On the basis of this work it was hypothesized that temporal 

resolution produces sufficient stress on rod and cone photoreceptors to detect a 

measurable reduction in AMD, whereas the temporal integration of light photons does 
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not (Brown and Lovie-Kitchin 1989). Notably, temporal summation was not measured 

under conditions of microperimetry, rather using red stimuli of 0.25° diameter. Zele and 

colleagues (2006) did not find any change in spatial summation between participants 

with early or intermediate AMD and healthy controls when examined using Gabor 

patches of different area. In more recent work, significantly higher contrast sensitivities 

(~0.5-1 dB on average) were measured within the central 10º in observers with AMD 

for Goldmann size IV and V stimuli, but not with Goldmann size I to III (Choi et al. 

2016b). This implies that spatial summation may be altered (i.e., RA changes in size) in 

AMD compared to controls. Furthermore, improved structure-function relationships 

have been identified with perimetric stimuli exhibiting complete spatial summation 

compared to the standard GIII stimulus in participants with intermediate AMD (Choi et 

al. 2017). 

 Given the structural changes that occur in AMD at the level of the retina 

(Tepelus et al. 2017; Pfau et al. 2018; Roh et al. 2019) and visual cortex (Baker et al. 

2005; Liu et al. 2010; Maniglia et al. 2018), we hypothesize that spatial, temporal and 

spatiotemporal summation are altered as part of the disease to optimise visual sensitivity 

in corresponding regions of the visual field. In this study we examine this hypothesis 

under the adaptation conditions of photopic microperimetry using a custom gaze-

contingent test to inform the optimum stimulus parameters for the detection and 

monitoring of AMD.  

	



 Chapter Ten 250 
 

	

10.2 – Methods 

10.2.1 - Participants 

Twenty participants with early, intermediate and atrophic AMD (mean age, 74.6; range, 

57-90) and 20 healthy age-similar controls (mean age, 67.8; range, 55-80) were recruited 

for this study. AMD participants were recruited from Ulster University Optometry 

Clinic, University of the Third Age (U3A) and local Macular Society (UK) groups. 

Control participants were recruited from the U3A and Ulster University staff and 

colleagues. All participants were tested in the Centre for Optometry and Vision Science 

(COVS) at Ulster University, Coleraine. Healthy participants had a visual acuity of 6/9 

or better in the test eye (range 6/5 – 6/9), and optical coherence tomography (OCT) 

scans of the macular area were within normal limits i.e. no signs of any ocular 

abnormalities such as drusen, macular oedema etc. (Spectralis, Heidelberg Engineering 

GmbH., Heidelberg, Germany). Participants with AMD had a visual acuity of 6/12 or 

better in the test eye (range 6/5 – 6/12). All participants had spherical refractive error 

within ±6.00 diopters sphere in all meridians with astigmatism less than or equal to 1.25 

dioptres cylinder, a normal intraocular pressure (>5 and ≤21 mmHg) measured with 

Goldmann tonometry and OCT measured peripapillary retinal nerve fibre layer (RNFL) 

thickness within normal limits. Full visual fields were confirmed in the test eye using the 

24-2 SITA standard test on the Humphrey Field Analyser (Carl Zeiss Meditec, Dublin, 

CA, USA). Visual fields were examined according to criteria published by Hodapp et al. 

(1993) to exclude any glaucoma-related visual field loss, and also examined for artifacts 

(e.g. caused by corrective lens). Additionally, the absence of any systemic disease that 

may affect visual performance in both healthy control and AMD participants was 

confirmed. Controlled systemic conditions that would not affect vision were permitted 

e.g. controlled hypertension. None of the participants were taking any medication 



 Chapter Ten 251 
 

	

known to affect the visual field e.g. hydroxychloroquine. Slit-lamp assessment of the 

anterior eye and biomicroscopic assessment of the posterior segment showed no 

significant lens opacities, ocular pathology in control participants, or concurrent ocular 

abnormalities in AMD participants. Characteristic features of age-related macular disease 

including drusen and hypo- or hyper-pigmentary abnormalities were confirmed using 

Spectralis OCT and chromatic fundus photography of the macular area in AMD 

participants (Canon CR-DGi Non-Mydriatic Retinal Camera, Canon, UK; Viewing angle, 

40°). Beckman clinical classification system (Ferris III et al. 2013) was used to grade the 

severity of AMD evident in fundus photographs (see table 1.1 in section 1.3). Any eyes 

displaying signs of nvAMD were excluded from psychophysical testing.  

 Ethical approval to undertake this study was granted by the Health and Social 

Care Research Ethics Committee A (HSC REC A). The research protocol adhered to 

the tenets of the Declaration of Helsinki and each participant provided informed 

consent prior to data collection.  

 

10.2.2 – Apparatus & stimuli 

Achromatic stimuli were presented on a ƴ-corrected 21-inch CRT display (SONY 420-

GSM; frame rate 75 Hz, pixel resolution 1280x1024, viewing distance 640 mm, 

maximum luminance 122.7 cd/m2), with a uniform background luminance of 9.62 

cd/m2 following a one-hour warm-up period. MATLAB (R2016b, The MathWorks Inc., 

Natick USA) with Psychtoolbox (version 3.0) and a Bits# (Cambridge Research Systems, 

Rochester, UK) were used to generate stimuli. Participants fixated an annulus target 

(white 0.45° spot with a central zero contrast 0.23º spot) throughout each test. Eye 

movements were recorded using a high-speed eye tracker (1000 Hz, EyeLink 1000-plus, 

SR Research, Canada) while participants placed their heads in a secure, purpose-built 
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chin-rest. The eye tracking system was calibrated and subsequently validated for each 

observer prior to examination, with data collection being undertaken with the room 

lights switched on to minimise pupil size and limit tracking artefacts secondary to 

changes in the measured position of the pupil centre as a result of variations in pupil size 

(Wyatt 2010; Drewes et al. 2014). Presented stimulus position was corrected according 

to participant gaze position within each frame of presentation (i.e., fully gaze-contingent). 

Where fixation errors were greater than 1° from the fixation target location, that 

stimulus presentation was skipped (and repeated later in the test) to prevent stimuli 

being presented on monitor locations where spatial luminance inhomogeneity was 

detected or, in the case of large fixation errors, off the monitor screen. Responses were 

collected using a response box (Cedrus RB-540, Cedrus Inc., USA) with a listening 

window of two seconds. Refractive error was corrected for the test eye selected using a 

trial frame holding a full-aperture lens if required, whilst an opaque patch was used to 

occlude the fellow eye.  

 Experimental testing was undertaken in two phases, either within a single study 

visit or two visits within 1-2 weeks of each other. In the first phase, an area-modulation 

paradigm with a stimulus of constant luminance (∆I 3.63 cd/m2, log ∆I/I -0.44) was 

employed with all participants. This value was chosen based upon the expected contrast 

at threshold for RA-sized stimuli in healthy observers (Redmond et al. 2010a). 

Achromatic spot stimuli of fixed luminance and duration (Bridgeman duration 190.4 ms, 

15 frames) but varying in area, were used to estimate the localised area of complete 

spatial summation (RA) at eight test locations along the 90°, 180°, 270° and 360° 

meridians; four each at 2.5° and 5° visual field eccentricity. Test locations were chosen 

based on previous psychophysical evidence for the greatest reductions in visual function 

to occur at parafoveal locations in AMD (Owsley et al. 2000; Chen et al. 2004; Acton et 

al. 2012b; Fraser et al. 2016; Saßmannshausen et al. 2018). An area-modulation paradigm 
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with a stimulus of constant luminance was deemed as a suitable method to generate RA 

estimates in this exploratory study, since this was successfully used in similar work to 

investigate spatiotemporal summation in early glaucoma (Mulholland et al. 2015b). 

 In the second phase of experimental testing, spatiotemporal summation was 

investigated through the measurement of achromatic contrast thresholds for six stimuli 

of different duration (1-15 frames, Bridgeman duration 3.7-190.4 ms), using a GIII 

stimulus and stimuli scaled to the local RA (thresholds from phase one), in separate test 

runs. Temporal summation functions were produced for the same test locations 

employed in phase one, under both stimulus conditions. Stimulus area and duration 

were tested in a randomised order for all participants. Regular breaks were provided at 

intervals throughout data collection, and when requested by the participant.  

 

10.2.3 – Psychophysical procedure  

Thresholds for both area in phase one and contrast in phase two, were determined using 

a randomly interleaved 1/1 staircase with a Yes/No response paradigm. Each staircase 

terminated after four reversals, with threshold being calculated as the mean of the final 

two reversals for area in phase one, and the mean of all four reversals for contrast in 

phase two. In phase one, stimulus diameter was varied by 20% when fewer than two 

reversals had occurred, by 10% when there were two reversals and by 5% when two 

reversals were exceeded. In phase two, contrast was varied by 0.5 log unit (5 dB) steps 

when reversals were below two, by 0.25 log units (2.5 dB) when two reversals had 

occurred and by steps of 0.05 log units (0.5 dB) for greater than two reversals. Stimulus 

area or contrast was modulated according to participant response (i.e., increased when 

‘unseen’ and decreased when ‘seen’). False positive rate was calculated post-hoc with 

participant responses occurring within 100 ms of stimulus onset being designated a 
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false-positive. Where false positive rate exceeded 20% for any given test the data were 

discarded and the test repeated at a random time later in the experimental session. Prior 

to beginning each phase of data collection, each participant undertook a trial run and 

only proceeded with study measurements when the test was clearly understood. 

 

10.2.4 – Data analysis  

10.2.4.1 – Area-modulation data  

Threshold area values (RA estimates) were compared between healthy control and AMD 

participants for each individual test location. To examine for statistically significant 

differences, a Wilcoxon rank sum test with Holm-Bonferroni correction to account for 

multiple comparisons were performed. 

 

10.2.4.2 – Temporal summation data  

Thresholds were expressed as increment energy values (∆E, cd/m2.s.deg2), this being 

calculated as the product of increment luminance (cd/m2), stimulus duration (s) and 

stimulus area (deg2). Stimulus durations were converted to Bridgeman equivalents 

(Bridgeman 1998) and verified using an Optical Transient Recorder 3 temporal 

photometer (OTR-3, Display Metrology & Systems GmbH & Co. KG, Germany). 

Where participants were unable to detect a stimulus with the maximum contrast, the 

data from that location were excluded from further analysis. To generate temporal 

summation functions, log stimulus energy was plotted against log stimulus duration. 

Iterative two-phase regression analysis (Seber and Wild 1989; Levenberg-Marquardt 

estimation, maximum 5000 iterations) was used to estimate the critical duration at each 

individual test location with a GIII and RA-sized stimulus for all observers. Briefly, two 
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lines are fitted to the data with the slope of the first line constrained to zero 

(representing complete temporal summation in line with Bloch’s law) but the slope and 

intercept of the second line (representing partial summation) being free to vary between 

0 and 1. The point at which the two lines in the function (breakpoint) intersect was 

taken as the critical duration estimate for that location. In cases where critical duration 

estimates were less than the shortest stimulus duration (1 frame, 3.7 ms) or where 

marked variability in the data caused the bilinear fit to fail, these data were excluded 

from further analysis. Where critical duration estimates were greater than the longest 

stimulus duration (15 frames, 190.4 ms), these values were substituted with a value of 

190.4 ms (2.28 log ms) for further analysis.   

 A Wilcoxon rank sum test with subsequent Holm-Bonferroni correction was 

used to determine if statistically significant differences in the critical duration estimates 

existed between healthy controls and AMD participants at each test location with the 

GIII and RA-sized stimulus. The second line slope of all temporal summation functions 

generated were also compared between controls and AMD participants using a 

Wilcoxon rank sum test with subsequent Holm-Bonferroni correction to determine if 

statistically significant differences in partial temporal summation were present at each 

test location and both stimulus conditions. For all statistical tests an a-value of 0.05 

(after correction for multiple comparisons as appropriate) was considered statistically 

significant.  

 The mean difference in log energy thresholds between each control and AMD 

observer, otherwise termed the disease signal, was calculated for all stimulus durations 

with the GIII stimulus and RA-sized stimulus at 2.5° and 5° visual field eccentricities. A 

three-way ANOVA with the fixed effects of stimulus condition (GIII or RA-sized 

stimuli), stimulus duration and visual field eccentricity was used to identify factors 

influencing disease signal (i.e. test sensitivity).  
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10.3 – Results 

In total, nine eyes with early AMD, 10 with intermediate AMD and one eye with non-

central geographic atrophy (diameter, 0.08°), in addition to 20 healthy control eyes were 

included in data analysis. Temporal summation measurements with the RA-sized 

stimulus could not be acquired in one participant with intermediate AMD in the test eye, 

due to poor fixation and concentration. However, all other study measurements were 

successfully obtained.  

 

10.3.1 – Spatial summation  

Localised area-modulation thresholds (RA estimates) were measured at every test 

location, in all 20 participants with AMD and 20 healthy controls. Estimates of RA were 

significantly greater in AMD participants, compared to healthy controls at each 

individual test location (all P<0.05, Wilcoxon rank sum test, fig. 10.1). In agreement with 

previous studies (Wilson 1970; Volbrecht et al. 2000b; Khuu and Kalloniatis 2015; 

Kwon and Liu 2019), statistically significant enlargements in RA estimates were 

observed with increasing visual field eccentricity (2.5° vs 5°) for both control and AMD 

participant groups (control: P<0.001, AMD: P = 0.03, Wilcoxon rank sum test). 

Summary values for complete spatial summation measurements in observers with AMD 

compared to healthy controls are shown in table 10.1.  
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- Fig. 10.1:  Boxplots to show Ricco’s area estimates at 2.5° and 5° visual field 

eccentricity (pooled across all test locations) for healthy controls (blue) compared to 

AMD participants (red). Data points for individual observers at each test location are 

included for reference. Outliers (defined as values outside the maximum whisker length 

of q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, respectively) are 

represented by “+” markers. 
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Parameter,  
Median [IQR] 

Eccentricity  
(deg) 

Participant Group P-value  

Controls  AMD  

Ricco’s area (deg2) 2.5 0.081 
[0.05 – 0.13] 

0.208 
[0.09 – 0.41] 

<0.001 

Ricco’s area (deg2) 5.0 0.148 
[0.08 – 0.22] 

0.319 
[0.15 – 0.65] 

0.025 

Critical duration (ms): 
GIII  

2.5 17.0 
[10.1 – 23.5] 

17.9 
[9.3 – 30.4] 

0.717 

Critical duration (ms): 
GIII 

5.0 17.0 
[12.1 – 25.0] 

20.6 
[13.2 – 30.4] 

0.858 

Critical duration (ms): 
RA-scaled 

2.5 21.1 
[11.8 – 33.9] 

25.3 
[17.0 – 42.0] 

0.329 

Critical duration (ms): 
RA-scaled 

5.0 23.4 
[15.6 – 32.7] 

18.2 
[11.2 – 38.2] 

0.355 

 

- Table 10.1:  Median [IQR] Ricco’s area and critical duration estimates at each visual 

field eccentricity for healthy control and AMD participant groups. The P-values for 

statistical comparisons of Ricco’s area and critical durations estimates between AMD 

and healthy control participant groups are also given. Statistically significant P-values are 

indicated in bold. 

 

10.3.2 – Temporal summation  

Log energy thresholds (median, interquartile range [IQR]) were higher in AMD 

participants compared to controls for both the GIII and RA-scaled stimuli at 2.5° and 5º 

eccentricity for all stimulus durations examined at each test location (all P<0.001, 

Wilcoxon rank sum, fig. 10.2).  
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 In healthy observers, 160 local temporal summation measurements were made 

each with the GIII and RA-scaled stimuli. In total, 153 temporal summation functions 

were successfully fitted with the GIII stimuli, and 157 were made with the RA-scaled 

stimuli. For AMD participants, 160 local temporal summation measurements were 

acquired with the GIII stimulus and 152 with the RA-scaled stimuli. A total of 134 

temporal summation curves were successfully fitted to threshold measurements with the 

GIII stimulus, and 135 measurements were acquired with the RA-scaled stimuli in AMD 

participants.  While critical duration values were longer in AMD participants compared 

to healthy controls with the GIII stimulus at 2.5° (AMD: 17.9 ms; IQR, 9.3–30.4, 

Controls: 17.0 ms; IQR, 10.1–23.5) and 5° (AMD: 20.6 ms; IQR, 13.2 – 30.4, Controls: 

17.0 ms; IQR, 12.1–25.0) these differences were not found to be statistically significant 

(all P>0.05, Wilcoxon rank sum test, table 10.2). Similarly, the critical duration was 

longer in AMD participants at 2.5° with stimuli scaled to localised spatial summation 

characteristics (AMD: 25.3 ms; IQR, 17.0–42.0, Controls: 21.1 ms; IQR, 11.8–33.9), but 

this also failed to reach statistical significance (P=0.329, Table 2). Conversely, a non-

significant (P=0.355) shortening of the critical duration was observed at 5º when 

examined using RA-scaled stimuli (AMD: 18.2 ms; IQR, 11.2–38.2, Controls: 23.4 ms; 

IQR, 15.6–32.7). Boxplots demonstrating critical duration values at 2.5° and 5° visual 

field eccentricity tested under both stimulus conditions for healthy control and AMD 

participants are shown in figure 10.3.  
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- Fig. 10.3:  Critical duration estimates at (a) 2.5° and (b) 5° visual field eccentricity for 

healthy controls (blue) and AMD participants (red) with a GIII and Ricco’s area-scaled 

stimuli. Outliers (defined as values outside the maximum whisker length of q1-1.5*(q3-

q1), where q1 and q3 are 25th and 75th percentiles, respectively) are represented by “+” 

markers. Data points for individual observers at each test location are included for 

reference. The green dashed line indicates the duration of a GIII stimulus (200 ms).  

 

 Finally, partial summation, quantified by the second line slope of temporal 

summation functions, was not significantly different with the GIII stimulus (all P>0.05, 

Wilcoxon rank sum test) at 2.5° (AMD: 0.80; IQR, 0.70–0.91, Controls: 0.79; IQR, 

0.66–0.88). and 5° (AMD: 0.79; IQR, 0.66–0.89, Controls: 0.81; IQR, 0.64–0.89) visual 

field eccentricity. No statistically significant differences in second line slope values were 

also found with RA-scaled stimuli (all P>0.05, Wilcoxon rank sum test) at 2.5° (AMD: 

0.79; IQR, 0.64–0.95, Controls: 0.77; IQR, 0.67–0.88 and 5° (AMD: 0.74; IQR, 0.57–

0.94, Controls: 0.79; IQR, 0.61–0.89).  

 Disease signal (log cd/m2.s.deg2) was higher with RA-sized stimuli compared to 

the GIII stimulus for all stimulus durations at 2.5° and 5° visual field eccentricity (fig. 
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10.4). A three-way ANOVA revealed no statistically significant interaction effects 

between stimulus condition, stimulus duration and visual field eccentricity on disease 

signal (all P>0.05). Main effect analysis demonstrated disease signal to be higher with 

RA-sized stimuli compared to GIII stimuli (P<0.001). Post-hoc analysis showed a 

statistically significant improvement in disease signal with RA-sized stimuli compared to 

GIII stimuli (Paired t-test, P<0.001). 

 

- Fig. 10.4:  Boxplots of disease signal (test sensitivity) for all six stimulus durations with 

the GIII stimulus (blue) compared to Ricco’s area-scaled stimuli (purple) at 2.5° (a) and 

5° (b) eccentricity. Outliers (defined as values outside the maximum whisker length of 

q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, respectively) are 

represented by “+” markers. Median values are represented by spot (GIII) or Ricco’s 

area-scaled stimuli (diamond markers). 

 

10.4 – Discussion      
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with early, intermediate and atrophic AMD compared to healthy controls. To our 

= GIII = RA

(a) 2.5°

 1  2  3  5  9 15
-1

0

1

2

3

(b) 5°

 1  2  3  5  9 15
-1

0

1

2

3

Stimulus duration (frames)

Lo
g 

di
se

as
e 

si
gn

al
 (c

d/
m

2 .s
.d

eg
2 )



 Chapter Ten 263 
 

	

knowledge, this is the first study to demonstrate changes in the spatial summation 

characteristics of those affected by early, intermediate and atrophic AMD under the 

conditions of photopic microperimetry. No corresponding changes in temporal 

summation (critical duration) were however observed for a GIII stimulus or stimuli 

scaled to the local RA in each observer. 

 Previous work has implied RA may increase as a result of significant differences 

in the hill-of-vision between AMD patients and controls for GIV and GV stimuli, with 

no significant differences being observed with GI, GII and GIII stimuli (Choi et al. 

2018). Consistent with this hypothesis, we found RA estimates to be between 

Goldmann stimulus size III (0.147 deg2) and size IV (0.59 deg2) in AMD participants, 

compared to RA estimates between Goldmann size II (0.037 deg2) and size III in 

healthy observers at 2.5° and 5° visual field eccentricity (table 10.2) for a similar 

adaptation luminance (9.62 cd/m2 compared to 10 cd/m2). In contrast to the present 

study, Zele and colleagues (2006) did not find a change in cone-mediated spatial 

summation in four participants with AMD when examined using a contrast-modulating 

Gabor stimulus matched to the optimal contrast detector. Marked differences in both 

the stimuli and method used to plot spatial summation functions (constraining both 

lines in bi-linear fit to reflect partial and no summation) do however confound 

comparison with the current study. It may be further argued that the use of stimuli 

probing cone function may overlook functional deficits related to rod photoreceptor 

damage or loss, this class of photoreceptor being predominantly affected early in the 

AMD disease process (Curcio et al. 1996).  

 Changes in spatial summation in AMD may also be inferred from studies 

examining spatial vision in the disease. Shah et al. (2016) found VA measures with novel 

pseudo-high-pass filtered optotypes to be reduced to a greater extent in early AMD 

compared to measures using conventional high-contrast optotypes. This finding was 
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hypothesized to be related to altered neural sampling secondary to the loss of 

photoreceptors, with the result that VA measures in the fovea are limited by neural 

rather than optical factors. Such results may also be hypothesized to be related to an 

enlargement in RA, this serving to optimize local sensitivity at the expense of spatial 

resolution. In AMD where structural changes are likely inhomogeneous this will result in 

a variable, reduced density sampling array, this affecting resolution thresholds for high-

pass filtered optotypes more than conventional unfiltered optotypes.  

 To our knowledge, only one previous study has examined temporal summation 

in AMD. Similar to the current study, Brown and Lovie-Kitchin (1989) reported the 

critical duration, measured under photopic conditions using a red 0.25º diameter spot 

stimulus, to be longer in AMD observers compared to controls, these differences failing 

to reach statistical significance. In terms of critical duration estimates, these are 

substantially longer for both the controls (58 ms) and AMD (92 ms) groups compared 

to those reported in this study. Such differences are likely related to variations in the 

stimulus area used and stimulus chromaticity, in addition to our use of photopic 

conditions to optimise the accuracy of the custom gaze-contingent perimetry test used 

(Graham and Kemp 1938). It is also worth noting that Brown and Lovie-Kitchin use a 

method of analysis to estimate the critical duration that fits two lines of constrained 

slope to the data reflecting complete and no summation, this being known to obtain 

longer critical duration estimates compared to those measured using iterative two-phase 

regression analysis used in the present study (Mulholland et al. 2015a).   

 

10.4.1 – Physiological source of altered spatial summation in AMD 

While the physiological underpinnings of spatial summation is a matter of debate, it has 

been hypothesized that RGC receptive field organization (Barlow 1953; Glezer 1965), 
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photoreceptor and RGC density (Swanson et al. 2004; Kwon and Liu 2019), in addition 

to cortical receptive field characteristics (Pan and Swanson 2006; Redmond et al. 2013a; 

Je et al. 2018) contribute to determining the size of RA. It would thus follow that if the 

functioning of these anatomical loci is affected by a given disease process or non-

pathological change (e.g., alterations in adapting luminance), RA would also alter in size 

to optimize visual sensitivity in a given region of the visual field. In the case of early, 

intermediate and atrophic AMD, it is possible that the accumulation of lipid-rich 

extracellular material (drusen) between the aging retinal pigment epithelium (RPE) and 

Bruch’s membrane (Gass 1972; Hageman et al. 2001; Crabb 2014), degeneration and 

dysfunction of rod and later cone photoreceptors (Curcio et al. 1996; Johnson et al. 

2005),  RPE loss (Ambati and Fowler 2012), reticular pseudodrusen (Smith et al. 2009; 

Pumariega et al. 2011; Ooto et al. 2013) and cortical changes (Baker et al. 2005; Baker et 

al. 2008; Dilks et al. 2014) may each contribute to altered spatial summation in the 

disease.  

 A number of studies have demonstrated that dark-adapted microperimetry is 

more effective at detecting functional deficits in early AMD, this potentially being 

related to the capability of such tests to probe photoreceptor loss early in the disease 

process. Under such test conditions, complete spatial summation is likely exhibited using 

a standard GIII stimulus at a greater number of test locations (see chapter 9), perhaps 

somewhat accounting for the improved sensitivity of dark-adapted microperimetry to 

the effects of AMD. Despite this, it is unlikely that altered photoreceptor function 

and/or density solely accounts for changes in spatial summation in the disease. While it 

is acknowledged that stimuli designed to isolate and probe spatial summation in 

individual classes of photoreceptors (e.g., S- and L-cone) do yield different RA measures 

in healthy observers, the non-uniform relationship between the density of individual 

photoreceptors and alterations in corresponding RA measures within the central 20º 
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suggests that post-receptoral pathways likely determine the extent of RA (Volbrecht et al. 

2000b). Later work by Tuten et al. (2018) also identified RA to be the same when 

measured with and without adaptive optics to minimise the effects of higher-order 

aberrations and retinal image motion. If this were to be primarily related to 

photoreceptor density, RA would be expected to be smaller when retinal image motion 

was accounted for. Considering such evidence, it is likely that changes in the structure 

and/or function of post-receptoral pathways explain our observation of altered 

estimates of RA in AMD. 

 In healthy eyes, the number of RGCs underlying RA has been demonstrated to 

be relatively constant at ~14-32 RGCs (Swanson et al. 2004; Kwon and Liu 2019), with 

the result that variations in RA with visual field eccentricity in photopic conditions may 

mostly be accounted for by alterations in RGC density. Glaucoma induced changes in 

RA  have also been hypothesized to develop to maintain input to cortical receptive fields 

from a constant number of RGCs, thus maintaining a constant signal-to-noise ratio. 

While the role of RGCs in determining the size of RA is clear, some debate surrounds 

the effect of AMD on RGC density. In a clinicopathologic assessment of eyes with 

atrophic and neovascular AMD, Medeiros and Curcio (2001) reported marked rod 

photoreceptor loss, but RGC density appeared to be preserved in aAMD, only 

becoming affected in the end-stage neovascular forms of the disease. Later work 

measuring the inner retinal thickness (e.g., inner plexiform layer, ganglion cell complex, 

peripapillary retinal nerve fibre layer thickness) have demonstrated these to be 

significantly thinner in patients with aAMD (Savastano et al. 2014; Lee and Yu 2015; 

Yenice et al. 2015; Lamin et al. 2019). If the functional RGC number were to reduce in 

AMD, it is possible spatial summation also alters in an attempt by the visual system to 

optimize visual function in response to insult. 
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 Alterations in retinal structure may also be accompanied by change in higher 

visual centres in AMD, these possibly also accounting for the findings of this work. A 

number of studies have identified evidence for large-scale reorganisation of the visual 

cortex in individuals with macular degeneration such that peripheral stimuli activate the 

foveal cortex, the extent of any reorganization being dependent on the extent of vision 

loss and disease chronicity (Baker et al. 2005; Baker et al. 2008; Dilks et al. 2014). 

Changes in the size of cortical receptive fields in response to retinal damage have also 

been demonstrated in both animal models of disease and other retinal degenerations in 

human observers. For example, Gilbert and Weisel (1992) applied laser burns to the 

retina causing an increase in the diameter of cortical receptive fields near the edge of the 

scotoma to be subsequently detected. Later work by Baseler et al. (2011) identified that 

population receptive fields (pRFs) were significantly larger in regions of the visual cortex 

corresponding to retinal damage in patients with AMD or Stargardt’s disease when 

compared with control observers. Interestingly, similar changes in pRF size were 

observed in healthy observers when measures were undertaken with stimuli masked to 

simulate AMD damage. 

 Given the intrinsic linkages between spatial and temporal summation (Owen 

1972), it is interesting that no concurrent change in the critical duration was observed 

when examined using a GIII stimulus and RA-scaled stimuli. Previous work has 

hypothesized that altered temporal summation in conditions such as glaucoma may be 

related to RGC specific dysfunction and/or alterations in the temporal properties of 

receptive fields in higher visual centres (e.g. visual cortex). If indeed these processes do 

underpin altered temporal summation in other diseases, such processes do not appear to 

be at play in AMD. Brown and Lovie-Kitchin (1987, 1989) in finding no changes in the 

critical duration but altered temporal discrimination in AMD, proposed that the 

processes responsible for temporal summation may be more resistant to degenerative 
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damage caused by AMD than that moderating temporal discrimination. In a similar 

manner the processes or anatomical locations determining the size of RA in AMD may 

be preferentially damaged in early/intermediate disease while sparing those responsible 

for temporal summation. 

 Considering possible limitations of this work, one may highlight that the 

characteristics of spatial and temporal summation in AMD reported are limited to this 

particular study cohort consisting of early, intermediate and atrophic AMD (Ferris 

classification). Further work exploring spatial, temporal and spatiotemporal summation 

in nvAMD is required to determine if similar changes in spatial summation occur in this 

form of the disease. It is also unclear if the changes in spatial summation observed only 

hold in the photopic conditions examined, further work is necessary to examine these 

changes in both mesopic and scotopic adaptation conditions. 

 

10.4.2 – Implications for perimetric assessment of AMD  

The relative enlargement in localised measures of spatial summation in early, 

intermediate and atrophic AMD compared to healthy controls presented in this work 

indicates that a photopic microperimetry test using a GIII stimulus modulating in 

luminance may not be optimal for the detection and monitoring of visual function in 

AMD. The effect of using a stimulus scaled to the local spatial summation characteristics 

compared to the GIII stimulus may be seen from the plot of disease signal in figure 10.4 

(expressed as the mean difference in log energy thresholds between each control and 

AMD observer). It is clear that disease signal (i.e. test sensitivity) is consistently higher 

for the RA-scaled stimulus at both 2.5º and 5º, this remaining relatively constant with 

changes in stimulus duration. This finding is statistically supported by a three-way 

ANOVA with post-hoc analysis, that revealed no interaction effects of stimulus duration 
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or visual field eccentricity on disease signal, and RA-sized stimuli as the only main effect 

of producing a higher disease signal compared to GIII stimuli (P<0.001). Further work 

is needed to determine if the advantage of using either an area-modulated test paradigm 

to probe alterations in spatial summation or a stimulus scaled to exhibit complete spatial 

summation in a contrast modulation test is not offset by an increase in measurement 

variability (i.e., disease signal to measurement noise ratio is more favourable).  

	

10.5 – Conclusion 

Spatial summation appears to be altered in early, intermediate and atrophic AMD, this 

likely forming part of a noise-compensatory mechanism to account for retinal damage 

and secondary changes to higher visual centres in the disease. No significant changes in 

temporal summation in AMD compared to controls were found. The sensitivity of 

perimetric strategies to detect and monitor functional changes in AMD may be markedly 

improved if stimuli capable of probing alterations in spatial summation are used. 
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11.  Investigating the relationship between retinal 

structure and alterations in achromatic spatial 

summation in age-related macular degeneration 

  

11.1 – Introduction 

Age-related macular degeneration (AMD) is characterised by heterogenous lesions 

across the central retina, particularly in earlier, atrophic stages of the disease. The 

accumulation and subsequent modification of lipoproteins from the retinal pigment 

epithelium (RPE) leading to alterations in Bruch’s membrane (Curcio et al. 2011; Curcio 

2018b), loss of choroidal vasculature (Seddon et al. 2016; Lutty et al. 2020) and 

inflammatory mechanisms (Medzhitov 2008; Chen and Xu 2015) all contribute to the 

morphological features of AMD. Soft indistinct drusen (Klein et al. 1997; Van Leeuwen 

et al. 2003; Wang et al. 2003), calcified drusen (Suzuki et al. 2015; Oishi et al. 2017), 

reticular pseudodrusen (RPD) (Cohen et al. 2007; Zweifel et al. 2010; Schmitz-

Valckenberg et al. 2011; Xu et al. 2013; Kong et al. 2019) and RPE abnormalities 

associated with drusen >63 μm in diameter (Davis et al. 2005; Ferris III et al. 2013) are 

all known to pose an increased risk for progression to late AMD, characterised by 

geographic atrophy or choroidal neovascularisation. Considering this, establishing 

relationships between AMD-specific lesions and function of the corresponding retinal 

locations is of particular importance in this condition.  

 Previous studies investigating structure-function relationships in atrophic AMD 

(aAMD) have demonstrated outer retinal damage related to photoreceptor dysfunction 

(Montesano et al. 2020b; Sassmannshausen et al. 2020; Saßmannshausen et al. 2021). 
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Some debate surrounds the influence of aAMD on the inner retina, with it being 

reported RGCs are preserved in the condition (Medeiros and Curcio 2001), while others 

report significant reductions in inner retinal thickness, including inner plexiform layer 

(Savastano et al. 2014; Lee and Yu 2015; Muftuoglu et al. 2017; Lamin et al. 2019), 

peripapillary retinal nerve fibre layer thickness (Lee and Yu 2015) and ganglion cell 

complex (Savastano et al. 2014; Yenice et al. 2015; Muftuoglu et al. 2017). 

Saßmannshausen et al. (2021) examined the relationship between inner retinal thickness 

and pointwise macular sensitivity using mesopic and scotopic microperimetry in eyes 

with intermediate AMD, finding no significant associations between inner retinal 

thickness and macular sensitivity in either adaptation condition. To date, no studies 

examining inner retinal layer thickness have attempted to relate retinal ganglion cell 

thickness or number to visual function measures. 

 Visual acuity (VA) (Clark et al. 2011; Landa et al. 2011; Pappuru et al. 2011), 

dark adaptation (Clark et al. 2011; Laíns et al. 2017) and macular sensitivity 

measurements (Sunness et al. 1988; Midena et al. 1994; Acton et al. 2012b; Wu et al. 

2014d; Wu et al. 2016a; Saßmannshausen et al. 2018; Sassmannshausen et al. 2020; 

Saßmannshausen et al. 2021) have previously been examined in relation to aAMD 

features identifiable on optical coherence tomography (OCT). Visual acuity may present 

an incomplete reflection of damage and dysfunction in aAMD since it is a single 

measure of foveal function, this being reported to be spared even in later disease stages 

(Lindblad et al. 2009; Forte et al. 2013; Sayegh et al. 2017). Clark et al. (2011) found no 

association between visual acuity and retinal thickness at the fovea in patients with 

varying degrees of aAMD. Pappuru et al. (2011) did find significant associations 

between outer retinal thickness and visual acuity, the strongest relationship being with 

photoreceptor inner segment thickness, although this was still only a moderate 
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association. More recently however, retinal thickness beyond 8° eccentricity was 

significantly associated with high-contrast VA (96% ETDRS chart) and macular 

sensitivity (10-2 frequency doubling [MATRIX] perimetry) compared to insignificant  

associations between VA and central (0-8º) retinal thickness, in patients with advanced 

AMD (Sabeti et al. 2021). Dark-adaptation has also proved useful in revealing the status 

of rod photoreceptor function in AMD. Lains et al. (2017) found significantly delayed 

dark-adaptation times associated with drusen, RPD, disruption to the junction between 

photoreceptor inner and outer segments (inner-segment ellipsoid band), and serous 

pigment epithelium detachments located within the retinal area tested after correction 

for age and AMD stage. Interestingly, the presence of macular RPD that did not 

correspond with a given test location was still significantly associated with increased 

dark-adaptation times.  

 A number of studies have examined the structure-function relationship using 

microperimetry. Similar to standard automated perimetry (SAP), microperimetry 

measures retinal sensitivity at pre-selected test locations, allowing more localised 

measures of retinal function at the retinal areas affected by specific morphological 

features of AMD compared to single, summary measures of visual function. The gaze-

contingent element of microperimetry further improves this capability by adjusting 

stimulus position to account for involuntary eye movements, improving the accuracy of 

structure-function correlations (Midena et al. 2007a; Acton et al. 2012b). Wu et al. 

(2016a) reported mesopic microperimetric sensitivity to decrease by 0.13 dB or 0.29 dB 

for each appearance of either one hyperreflective foci or a 10 μm increase in RPE-

drusen complex (RPEDC) thickness respectively in each retinal sector examined at six 

monthly intervals over a 12 month period in observers with intermediate AMD. More 

recently, longitudinal pointwise microperimetric sensitivity measured at three annual 
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visits using the MP-1S device (Nidek Technologies, Padova, Italy) was most strongly 

associated with outer nuclear layer thickness in intermediate AMD, this being followed 

by full retinal thickness and RPEDC thickness (Saßmannshausen et al. 2021). 

Interestingly, these associations were found to be stronger (greater macular sensitivity 

loss per normative standard deviation from the mean of control data) under the 

adaptation conditions of scotopic compared to mesopic microperimetry. Montesano et 

al. (2020b) also reported RPE elevation as a structural predictor of microperimetric 

sensitivity deficits using the S-MAIA (CenterVue, Padova, Italy) in eyes with AMD-

related macular drusen. Structure-function relationships were however strongest (higher 

R2) with mesopic compared to scotopic cyan microperimetry and were weakest for 

scotopic red testing. Such differences may also owe to device selection and relative 

dynamic range (Steinberg et al. 2017), in addition to wavelength-specific microperimetry 

and its impact on the ability to probe rod photoreceptor dropout or function in AMD 

(Welker et al. 2018). The stronger structure-function relationships in scotopic conditions 

may also be due to the fact that the Goldmann size III (GIII) stimulus is exhibiting 

complete spatial summation in scotopic conditions but not in mesopic or photopic 

conditions (see chapter 9). 

 Although microperimetry has provided useful contributions for the investigation 

of the structure-function relationship in AMD, it suffers from significant limitations that 

should be considered when interpreting such findings. These include limited dynamic 

range (Chen et al. 2009b; Steinberg et al. 2017), high test-retest variability (Chen et al. 

2009b) and poor sensitivity to early and intermediate AMD (Maynard et al. 2016), which 

may be related to the selection of stimulus parameters. GIII and Goldmann size V (GV) 

stimuli for use in mesopic and scotopic microperimetry respectively, were chosen based 

upon Goldmann areas I-V, together with the presentation duration 100-200 ms (shorter 
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than the assumed minimum velocity of voluntary saccadic eye movements) used in SAP 

and earlier kinetic perimetry (International Council of Ophthalmology 1978). Such 

stimuli do not take into account the integration of light energy over space (spatial 

summation) and how it changes in ocular disease.  

 Ricco’s law (Ricco 1877) states that the product of stimulus contrast (DI) and 

stimulus area (A) is constant at threshold. Light energy is completely summed for small 

area stimuli, and the largest area for which this holds true is referred to as Ricco’s area 

(RA). Beyond this point, partial or incomplete spatial summation occurs. It is widely 

accepted that spatial summation is a noise-compensatory mechanism, and RA is known 

to vary with visual field eccentricity (Wilson 1970; Inui et al. 1981; Khuu and Kalloniatis 

2015; Kwon and Liu 2019), background luminance (Barlow 1958; Lelkens and Zuidema 

1983; Redmond et al. 2013a), stimulus chromaticity (Volbrecht et al. 2000a; Redmond et 

al. 2010b) and in some forms of ocular disease (Wilson 1967; Swanson et al. 2000; 

Redmond et al. 2010a; Je et al. 2018; Stapley et al. 2020), including AMD (see chapter 

10). For these reasons, the use of a standard stimulus that does not reflect localised 

spatial summation characteristics, irrespective of adaptation or ocular condition, has 

been questioned in the literature (Anderson 2006). Stimuli designed to probe changes in 

spatial summation have been observed to boost test sensitivity to disease signal in 

glaucoma (Redmond et al. 2010a; Rountree et al. 2018) and AMD (see chapter 10). 

 To our knowledge, only one study has investigated the effect of different 

perimetric stimulus sizes on structure-function relationships in AMD, this not being 

undertaken using a gaze-contingent test. Using Goldmann areas I-III with the 

Humphrey Field Analyzer, visual field defects related to retinal features of AMD were 

identifiable on OCT more frequently when stimulus area was assumed to be within 

complete spatial summation (GI or GII) compared to the standard GIII stimulus (Choi 
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et al. 2017). Considering this, and the improved disease signal (test sensitivity) when 

measured with stimuli scaled to reflect local spatial summation changes in AMD in 

photopic adaptation conditions (see chapter 10), we hypothesise that improved 

structure-function relationships in AMD will be achieved using RA-sized stimuli 

compared to GIII stimuli. By investigating this we will also be able to identify if changes 

in spatial summation in AMD are due to outer and/or inner retinal structural changes. 

For example, in the case of the outer retina being responsible for reducing visual input 

(and consequently increasing the measured RA) a stronger structure-function 

relationship would be observed with outer retinal structures (e.g. outer retinal thickness) 

compared to inner retinal structures (e.g. retinal ganglion cell [RGC] density. In this 

study we will examine such hypotheses by relating a number of OCT derived retinal 

thickness measurements to functional measures collected using standard GIII stimuli 

and RA-scaled stimuli, using custom gaze-contingent microperimetry tests in observers 

with early, intermediate and atrophic AMD under photopic conditions. The precise 

retinal layers subject to thickness changes as a result of AMD including retinal ganglion 

cell layer (RGCL), inner plexiform layer (IPL), outer retinal layers, RPE and whole retina 

will also be examined.  

 

11.2 – Methods 

11.2.1 – Participants 

Nineteen participants with early, intermediate and atrophic AMD in one or both eyes 

(mean age, 74.6 years; range, 57-90) and 20 healthy age-similar controls (mean age, 67.8 

years; range, 55-80) were recruited as part of a prospective cross-sectional study (see 

chapter 10). All participants were tested in the Centre for Optometry and Vision Science 
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(COVS) at Ulster University, Coleraine. Experimental tests were carried out on a single 

test eye that satisfied the study inclusion criteria. In cases where both eyes were suitable, 

the test eye was chosen by the participant. Participants with AMD had a visual acuity of 

6/12 or better in the test eye (range 6/5 – 6/12). Healthy participants had a visual acuity 

of 6/9 or better in the test eye (range 6/5 – 6/9).   All participants had spherical 

refractive error within ±6.00 diopters sphere in all meridians with astigmatism less than 

or equal to 1.25 dioptres cylinder, a normal intraocular pressure (>5 and ≤23 mmHg) 

measured using Goldmann tonometry and peripapillary retinal nerve fibre layer (RNFL) 

thickness within normal limits as measured by OCT (Spectralis, Heidelberg Engineering 

GmbH., Heidelberg, Germany). Full visual fields were confirmed in the test eye using 

the 24-2 SITA standard test on the Humphrey Visual Field Analyzer (Carl Zeiss Meditec, 

Dublin, CA, USA). Visual fields were examined according to criteria published by 

Hodapp et al. (1993) to exclude any glaucoma-related visual field loss, and also examined 

for artifacts (e.g. caused by corrective lens). Significant lens opacities, ocular pathology 

or concurrent ocular abnormalities in AMD participants were excluded during slit-lamp 

assessment of the anterior eye and biomicroscopic assessment of the posterior segment. 

Spectralis OCT scans of the macular area were used to confirm the absence of any 

retinal disease in controls, including the characteristic retinal features of aAMD, 

including drusen, reticular pseudodrusen (RPD), pigment epithelial detachments (PEDs) 

and geographic atrophy. The Beckman clinical classification system (Ferris III et al. 

2013) was used to grade the severity of AMD (see table 1.1) evident in chromatic fundus 

photographs (Canon CR-DGi Non-Mydriatic Retinal Camera, Canon, UK; Viewing area 

40°). Any eyes displaying signs of neovascular AMD were excluded from psychophysical 

testing. Neither control or AMD participants had any known systemic conditions 

(controlled conditions not known to affect visual performance such as systemic 
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hypertension were permitted) or were taking any systemic medications that could affect 

vision. 

 A favourable ethical opinion was granted by the Health and Social Care 

Research Ethics Committee A (HSC REC A) for this study. The research protocol 

adhered to the tenets of the Declaration of Helsinki and each participant provided 

informed consent prior to data collection. 

 

11.2.2 – Apparatus and stimuli       

Spectral-domain (SD) OCT volume scans of the macular area were acquired using the 

Spectralis posterior pole protocol (61 horizontal foveal-centred B-scans, 24°x24°, fixed 

rotation of 7°, minimum automated real time tracking [ART] of 9). Mean keratometry 

values were input prior to taking each scan to minimise the effects of inter-individual 

variations in ocular magnification on retinal layer thickness measurements (Ctori et al. 

2015). Each scan was inspected for any artefacts present in locations to be analysed. All 

other scans were of good quality and were included in the structure-function analyses 

undertaken. Quality was determined by alignment of clear scans within the scanning area 

(subjective inspection by a clinician experienced in OCT scan acquisition [AMLH]). A 

combination of automated segmentation by the Heidelberg Eye Explorer and manual 

correction were conducted by a clinician experienced in OCT scan acquisition for each 

of the 61 B-scans in all participants. Thickness values for the following retinal layers 

were produced for all scans; (i) retinal ganglion cell layer (RGCL), (ii) inner plexiform 

layer (IPL), (iii) outer retinal layers defined as the layers between the outer border of the 

outer plexiform layer and Bruch’s membrane, (iv) retinal pigment epithelium (RPE) and 

(v) the whole retina, defined as all retinal layers between the internal limiting membrane 

and Bruch’s membrane.  
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11.2.3 – Psychophysical testing 

11.2.3.1 – Apparatus and stimuli 

All participants performed a range of custom fully gaze-contingent microperimetry tests 

as part of a previous study (see chapter 10). Briefly, achromatic stimuli were presented 

on a ƴ-corrected 21-inch CRT display (SONY 420-GSM; frame rate 75 Hz, pixel 

resolution 1280x1024) using MATLAB (R2016b, The MathWorks Inc., Natick USA) 

with Psychtoolbox (version 3.0) and a Bits# (Cambridge Research Systems, Rochester, 

UK). Eye movements were recorded using a high-speed desktop eye tracker (1000 Hz, 

EyeLink 1000-plus, SR Research, Canada) whilst participants placed their heads in a 

secure, purpose-built chin-rest. Stimuli were presented on a uniform background 

luminance of 9.62 cd/m2, with stimulus position corrected according to participant gaze 

position within each presentation frame. Responses were collected using a response box 

(Cedrus RB-540, Cedrus Inc., USA) with a listening window of two seconds. 

Participants wore a trial frame holding a full-aperture lens to correct test eye refractive 

error if required, and an opaque patch to occlude the fellow eye.  

 Microperimetry testing was undertaken in two phases. In phase one, an area-

modulation paradigm with an achromatic stimulus of constant luminance (∆I 3.63 

cd/m2, log ∆I/I -0.44) and duration (Bridgeman duration 190.4 ms, 15 frames) but 

varying in area, were used to estimate the localised area of complete spatial summation 

(RA) at eight test locations along the 90°, 180°, 270° and 360° meridians; four each at 

2.5° and 5° visual field eccentricity. In phase two, achromatic contrast thresholds were 

measured for a GIII stimulus (0.43° diameter), and stimuli scaled to the localised RA 

(phase one area thresholds) at the same test locations and with the same presentation 

duration as phase one. Phase one and phase two were undertaken in a random order in 

all participants.  
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11.2.4 – Psychophysical procedure 

Area (phase one) and contrast (phase two) thresholds were determined using a randomly 

interleaved 1/1 staircase terminating after four reversals, with a Yes/No response 

paradigm. Area thresholds were calculated as the mean of the final two reversals in 

phase one. Contrast thresholds were calculated as the mean of all four reversals in phase 

two. Detailed descriptions of each threshold algorithm have been described previously 

(see chapter 10).   

 

11.2.5 – Data analysis 

11.2.5.1 – Structural measures 

11.2.5.1.1 – OCT RAW processing  

Macular OCT scans were exported in RAW format (.vol) using the Heidelberg Eye 

Explorer software (HEYEX) and analysed using the method proposed by Montesano et 

al. (2020c) In short, RAW OCT files were imported to MATLAB, with the 

segmentations provided by the HEYEX software for the 61-individual b-scans being 

used to produce thickness maps for the RGCL, IPL, outer retina, RPE and whole retina. 

These thickness maps were smoothed and exported to be the same size as the initial 

OCT scans (768 x 768 pixels) with zero padding being added where OCT data was 

missing (e.g., outside the scanned area). In all analyses the fovea was automatically 

detected using template matching, this forming the origin of the x and y axes. 

 

11.2.5.1.2 – Generating RGC counts from RGCL thickness 

The method of Raza and Hood (2015) was used to convert RGCL thickness measures 

to RGC counts for each OCT scan analysed. This analysis uses the mean histology maps 
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of Curcio and Allen (1990) describing post-mortem RGC counts across the central 

retina in healthy approximately emmetropic eyes (axial length 23.8 mm). These maps 

were subsequently scaled to adjust for axial length induced retinal stretch (eq. 11.1, 

where r0 = mean retinal radius of histology data, r = retinal radius of observer eye) such 

that RGC density was proportional to axial length. 

 

 

 

Scaled histology maps (fig. 11.1a) were created to be the same size (768 x 768 pixels) as 

the smoothed OCT RGCL maps, this then being divided point-by-point by the mean 

RGCL thickness map for healthy observers (fig. 11.1b) after alignment of the fovea and 

optic nerve head position. This created a volumetric density map (cells/mm3, fig. 11.1c) 

that was subsequently used to generate customised RGC density maps for each observer 

through point-by-point multiplication with the smoothed RGCL maps (after alignment 

of the fovea and optic nerve head).  This produced a RGC density map (cells/mm2) for 

each observer (fig. 11.2). To ensure the histology and OCT maps were in common 

spatial units (mm) OCT scan data was corrected for axial length induced image 

magnification using the abbreviated axial length method of Bennett et al (1994).  

 

𝑺𝒄𝒂𝒍𝒆𝒅	𝑹𝑮𝑪	𝒅𝒆𝒏𝒔𝒊𝒕𝒚 = 𝑯𝒊𝒔𝒕𝒐𝒍𝒐𝒈𝒚	𝑹𝑮𝑪	𝒅𝒆𝒏𝒔𝒊𝒕𝒚 ∗ 5
𝒓𝟎
𝒓
7
𝟐
 

(11.1) 
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- Fig. 11.1: Example calculation of (c) RGC volumetric density using (a) average 

histological RGC counts derived from Curcio & Allen, (b) mean RGCL thickness  

measures in control observers. 

 

 

- Fig. 11.2: Example conversion of (a) OCT derived RGCL thickness map for an 

individual observer to (b [en-face] and c [3D]) RGC density maps, using the method of 

Raza & Hood. 
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11.2.5.1.3 – Extraction of co-localised structural measures  

To investigate the relationship between measures of structure and co-localised 

perimetric thresholds mean structural measures underlying each stimulus were first 

calculated. In the case of RGC density, in addition to RGCL and IPL thickness values 

both the stimulus location and shape (circumference) was corrected for the lateral 

displacement of RGC bodies from underlying photoreceptors (fig. 11.3a-c) using the 

methods of Drasdo et al. (2007) and Montesano et al. (2020c). Similar adjustments were 

not undertaken for RPE, outer retina or whole retinal thickness measures (fig. 11.3d-f).  

 

- Fig. 11.3: Retinal thickness maps underlying Ricco’s area-sized stimuli (black ellipses or 

circles) for an AMD observer demonstrating inner retinal structures where the 

correction for displacement of retinal ganglion cell bodies from underlying 

photoreceptors and such effect on stimulus circumference is required (a-c), and outer 

retinal structures where this is correction is not applied (d-f). Scale is in millimeters for 

plot (a) and in degrees for plots (d-f). No colorbar scale is included for (b-f) as this 

varies for each figure, but in general warmer colours represent thick retina and cold 

colours represent thin retina.  
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To calculate the RGC number underlying each GIII and RA-sized stimulus the area of 

each stimulus at each test location was converted to retinal area in mm2 using the 

abbreviated axial length method of Bennett et al. (1994). Using these converted values 

the number of RGCs underlying each stimulus was calculated as the product of mean 

RGC density (cells/mm2) and stimulus area (mm2).   

 

11.2.5.2 – Functional measures 

Area thresholds from phase one were expressed in degrees, this value being an 

approximation of the area of complete spatial summation (RA). Contrast thresholds 

from phase two were expressed as increment energy values (∆E, cd/m2.s.deg2), this 

being calculated as the product of increment luminance (cd/m2), stimulus duration (0.19 

s) and stimulus area (local RA or 0.15 deg2 [GIII stimulus]). Contrast energy thresholds 

calculated for GIII and RA-sized stimuli at all test locations were then converted into 

right eye retinal equivalents.  

 

11.2.5.3 – Comparing structure and function 

For the purposes of analysis mean structural and functional measures were calculated for 

the 2.5º and 5º visual field eccentricities. Following this, the relationship between all 

structural measures (RGC number, GCL thickness, IPL thickness, outer retinal 

thickness, RPE thickness and whole retinal thickness) for the area threshold (diameter 

and energy contrast) and GIII (energy contrast) stimuli were examined using ordinary 

least squares regression and Pearson’s correlation coefficient at the 2.5° and 5° visual 

field eccentricities.  



 Chapter Eleven 284 
 

	

 Permutation analysis was used to test the statistical significance of differences in 

slopes of structure-function between energy thresholds collected with GIII and RA-

sized stimuli for AMD and control participants (fig. 11.4). In brief, each pair of 

structure-function variables (one each for GIII and RA-sized stimuli) was randomly 

assigned to one of two groups matched in size to the original groups without 

replacement. Ordinary least squares regression analysis was performed for the data in 

these new groups and the difference in slopes between regression analysis calculated. 

This process was repeated 5000 times, producing a distribution of slope differences. A 

two-sided p-value for the structure-function correlation was computed based on the 

position of 2.5% and 97.5% standard deviations in the slope difference distribution. 

Slope difference was only examined where statistically significant structure-function 

correlations were observed.  
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- Fig. 11.4: Histogram produced from permutation analysis, showing the distribution of 

slope differences from regression analysis performed 5000 times between whole retinal 

thickness and energy thresholds collected with GIII and Ricco’s area-sized stimuli for 

AMD and control observers. A two-sided p-value is determined for the observed test 

statistic, based on its position in the distribution. Solid green lines show 2.5% and 97.5% 

standard deviations, the dotted blue line shows the median value and the red arrow 

represents the mean slope difference. The observed slope difference is included for 

reference.     

 

 Ordinary least squares regression and Pearson’s correlation coefficient were also 

used to assess the relationship between the area thresholds (phase one) and energy 

thresholds with GIII at 2.5° and 5° eccentricities (function-function relationship). All 

statistical tests were performed using MATLAB (R2016b, The MathWorks Inc., Natick 

USA. An alpha of 0.05 was considered as statistically significant, and post-hoc Holm-

Bonferroni correction applied were appropriate.   

Observed slope
difference =

7.79

p<0.00197.5%

50%

2.5%

Fr
eq
ue
nc
y

Slope difference
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11.3 – Results  

A strong, statistically significant positive linear relationship was observed between RGC 

number and area-modulation thresholds (estimated RA diameter) at both 2.5° (Pearson’s 

r = 0.99, P<0.001, fig. 11.5A) and 5° (Pearson’s r = 0.98, P<0.001, fig. 11.6A) visual field 

eccentricities.  No statistically significant relationship was however found between area 

thresholds and RGCL thickness (2.5°: Pearson’s r= -0.14, P=0.39, fig. 11.5B; 5°: 

Pearson’s r = -0.04, P=0.82, fig. 11.6B), IPL thickness (2.5°: Pearson’s r= 0.01, P=0.97, 

fig. 11.5C; 5°: Pearson’s r = 0.18, P=0.28, fig. 11.6C) or outer retinal thickness (2.5°: 

Pearson’s r = -0.17, P=0.30, fig. 11.5D; 5°: Pearson’s r = -0.01, P=0.95, fig. 11.6D). 

Although weak, a statistically significant negative linear relationship was found between 

RPE thickness and estimated area-modulation threshold at 2.5° (after Holm-Bonferroni 

correction), but no significant association was found at 5° (2.5°: Pearson’s r = -0.36, 

P=0.04, fig. 11.5E; 5°: Pearson’s r = -0.26, P=0.10, fig. 11.6E). Interestingly, the 

negative linear relationship between whole retinal thickness and estimated area threshold 

was statistically significant at 2.5° (Pearson’s r = -0.52, P=0.001, fig. 11.5F) but much 

weaker and insignificant at 5° (Pearson’s r = -0.04, P=0.77, fig. 11.6F).  
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- Fig. 11.5: The relationship between the diameter of Ricco’s area and (A) retinal 

ganglion cell (RGC) number underlying the stimulus, (B) retinal ganglion cell layer 

(RGCL) thickness, (C) inner plexiform layer (IPL) thickness, (D) outer retinal thickness, 

(D) retinal pigment epithelium (RPE) thickness and (E) whole retinal thickness at 2.5° 

visual field eccentricity. Ordinary least squares regression lines of slope m are plotted in 

red through AMD and control data points. Pearson’s correlation (r), p (Holm-

Bonferroni corrected where appropriate) and slope (m) values are included in each plot 

for reference. 
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- Fig. 11.6: The relationship between the diameter of Ricco’s area and (A) RGC number 

underlying the stimulus, (B) RGCL thickness, (C) IPL thickness, (D) outer retinal 

thickness, (D) RPE thickness and (E) whole retinal thickness at 5° visual field 

eccentricity. Ordinary least squares regression lines of slope m are plotted in red through 

AMD and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected 

where appropriate) and slope (m) values are included in each plot for reference. 
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Strong statistically significant positive linear relationships were observed at 2.5° and 5° 

visual field eccentricities between RA estimates and contrast energy thresholds for the 

GIII stimulus (2.5°; Pearson’s r: 0.76, P<0.001, fig. 11.7a, 5°; Pearson’s r: 0.81, P<0.001, 

fig. 11.7b).  A similarly strong relationship was observed between RGC count and 

contrast energy thresholds for both the GIII and RA stimuli (GIII 2.5°; Pearson’s r: 0.75, 

P<0.001, fig. 11.8a, RA 2.5°: Pearson’s r: 0.86, fig. 11.8b, 5°; GIII 5°; Pearson’s r: 0.77, 

P<0.001, fig. 11.8c, RA 5°: Pearson’s r: 0.88 fig, 11.8d). Permutation analysis revealed 

that the slope difference between GIII and RA stimuli observed to be statistically 

significant for RGC number at both 2.5° and 5° (both P<0.001).  

  

- Fig. 11.7: The relationship between the diameter of Ricco’s area and energy thresholds 

with GIII stimuli at 2.5° (a) and 5° (b) visual field eccentricities. Ordinary least squares 

regression lines are plotted in red through AMD and control data points. Pearson’s 

correlation (r), p (Holm-Bonferroni corrected where appropriate) and slope (m) values 

are included in each plot for reference. 
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- Fig. 11.8: The relationship between RGC number underlying each stimulus and energy 

thresholds with GIII (purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° 

(c-d) visual field eccentricities. Ordinary least squares regression lines are plotted in red 

through AMD and control data points. Pearson’s correlation (r), p (Holm-Bonferroni 

corrected where appropriate) and slope (m) values are included in each plot for 

reference. 
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RA 5°; Pearson’s r: -0.21, P=0.93, fig, 11.11d) were found at 2.5° and 5° eccentricities. 

RPE thickness was not significantly related to energy thresholds with GIII stimuli at 2.5° 

(Pearson’s r: -0.33, P=0.077, fig. 11.12a) or with RA-sized stimuli at 5° (Pearson’s r: -0.21, 

P=0.21, fig. 11.12d), however weak yet statistically significant relationships were 

observed with RA-sized stimuli at 2.5° (Pearson’s r: -0.40, P=0.044, fig. 11.12b) and with 

GIII stimuli at 5° (Pearson’s r: -0.38, P=0.047 fig. 11.12c).  

 

- Fig. 11.9: The relationship between RGCL thickness and energy thresholds with GIII 

(purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° (c-d) visual field 

eccentricities. Ordinary least squares regression lines are plotted in red through AMD 

and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected where 

appropriate) and slope (m) values are included in each plot for reference. 
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- Fig. 11.10: The relationship between IPL thickness and energy thresholds with GIII 

(purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° (c-d) visual field 

eccentricities. Ordinary least squares regression lines are plotted in red through AMD 

and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected where 

appropriate) and slope (m) values are included in each plot for reference. 
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- Fig. 11.11: The relationship between outer retinal thickness and energy thresholds with 

GIII (purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° (c-d) visual field 

eccentricities. Ordinary least squares regression lines are plotted in red through AMD 

and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected where 

appropriate) and slope (m) values are included in each plot for reference. 
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- Fig. 11.12: The relationship between RPE thickness and energy thresholds with GIII 

(purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° (c-d) visual field 

eccentricities. Ordinary least squares regression lines are plotted in red through AMD 

and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected where 

appropriate) and slope (m) values are included in each plot for reference. 
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- Fig. 11.13: The relationship between whole retinal thickness and energy thresholds 

with GIII (purple) and Ricco’s area-scaled (blue) stimuli at 2.5° (a-b) and 5° (c-d) visual 

field eccentricities. Ordinary least squares regression lines are plotted in red through 

AMD and control data points. Pearson’s correlation (r), p (Holm-Bonferroni corrected 

where appropriate) and slope (m) values are included in each plot for reference. 
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negative relationships between RA estimates and RPE thickness (Pearson’s r = -0.36, 

P=0.0447) in addition to whole retinal thickness (Pearson’s r = -0.52, P=0.0014) at 2.5° 

eccentricity. Contrast energy thresholds with the RA-sized stimulus displayed a 

statistically significant moderate negative relationship with both RPE thickness and 

whole retinal thickness at 2.5°, these being significantly different (stronger) than the 

relationships observed with GIII stimulus. Regression line slope was also noted to be 

approaching one on plots of RGC number underlying the RA scaled stimuli and 

contrast energy thresholds at both 2.5º and 5º, this not being the case for the GIII 

stimulus where slope was <1 and was steeper at 5º compared to 2.5º.  

 AMD is acknowledged as an outer retinal condition, largely affecting 

photoreceptors and the RPE (Sarks et al. 1988; Curcio et al. 1996; Curcio 2001; Seddon 

et al. 2016). Structure-function research using microperimetry as a primary outcome 

measure has consequently demonstrated significant associations between outer retinal 

structures and macular sensitivity. A number of such studies have found the RPE-

drusen complex (Sevilla et al. 2016; Wu et al. 2016a; Pfau et al. 2018; Saßmannshausen et 

al. 2018; Saßmannshausen et al. 2021) or RPE elevation (Wu et al. 2014a; Montesano et 

al. 2020b) to be significantly related to microperimetric or perimetric sensitivity. 

Comparing visual field locations with and without defects, Acton et al. (2012b) found 

statistically significant RPE thickening and elevation at retinal locations with defects 

quantified using mesopic microperimetry (MP-1) in eyes with early AMD compared to 

controls. RPE elevation was still significantly greater at non-defect locations in AMD 

observers compared to controls, yet RPE thickness was no longer significantly different. 

The authors also reported moderate, yet statistically significant negative linear 

associations between RPE thickness to mean sensitivity (Pearson’s r = -0.448, P = 

0.047) and mean deviation (Pearson’s r = -0.454, P = 0.045) quantified in decibels across 

68 visual field locations. This is contrast to findings presented in the current study where 
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decreases in RPE thickness appeared to be related to corresponding increases in contrast 

energy thresholds (fig. 11.12). This relationship was observed with both the GIII and 

RA-sized stimuli at 2.5° and 5°, this relationship being statistically significant using RA-

sized stimuli at 2.5°. We found a similar negative relationship between contrast energy 

thresholds and whole retinal thickness at with both stimulus forms at 2.5º (fig. 11.13a,b). 

Nivison-Smith et al. (2018) reported increased and decreased RPE thickness 

corresponding with drusen emergence and regression respectively. The authors found a 

15.8% decrease in RPE thickness overlying drusen prior to regression, but that the RPE 

was 7.8% thicker at drusen locations after regression, compared to non-drusen locations. 

Forte et al. (2012) related increased RPE thickness to small and intermediate drusen 

(maximum diameter <125 μm), increased fundus autofluorescence and fluorescein 

angiography fluorescence, yet decreased RPE thickness was related to reduced retinal 

imaging fluorescence and the presence of RPD. All AMD participants in this study had 

drusen ranging in diameter from 63 μm to ≥125 μm with three participants also having 

RPD. Such disease heterogeneity is likely to contribute to the observed decrease in RPE 

thickness with higher energy thresholds.  

 Saßmannshausen et al. (2021) reported significant longitudinal associations 

between whole retina, RPE-drusen complex and outer nuclear layer (ONL) thicknesses 

with pointwise mesopic microperimetric (MP-1) sensitivity in patients with intermediate 

AMD and healthy controls. Interestingly such associations were strengthened (greater 

macular sensitivity loss per normative standard deviation from the mean of control data) 

under scotopic conditions. A moderate, statistically significant relationship between 

whole retinal thickness and energy thresholds with GIII and RA-sized stimuli was also 

observed in this study. The nature of the relationship was however different in the 

current study where increased energy thresholds were associated with reduced whole 

retinal thickness, in contrast to Saßmannshausen and colleagues (2021) who found that 
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increased whole retinal thickness produced decreased pointwise sensitivity. Differences 

in adaptation condition are important to acknowledge since the current study was 

conducted under photopic conditions primarily probing cone function, yet 

Saßmannshausen et al. (2021) used mesopic and scotopic conditions with the latter 

particularly targeting predominately rod, but also cone photoreceptor function 

(Crossland et al. 2012b; Simunovic et al. 2016). Nonetheless, other studies have 

highlighted the marked localised differences in retinal structure observed in AMD, 

which may account for retinal thinning identified in this AMD study cohort. Pfau et al. 

(2020b) demonstrated photoreceptor degeneration (reduced OCT ONL, inner and outer 

segment thickness) beyond areas of RPE loss and the boundary of GA, indicative of GA 

progression in eyes with late aAMD. Photoreceptor reflectivity (PRR) has also been 

reported as a significant structural predictor of reductions in mesopic and scotopic cyan 

microperimetric sensitivity, in eyes with intermediate AMD, attributed to photoreceptor 

atrophy (Montesano et al. 2020b). Genetic risk for AMD has also found to be associated 

with variability in macular thickness, with presence of the age-related maculopathy 

susceptibility 2 allele being significantly associated with thinner macular thickness 

compared to the complement factor H allele (Zouache et al. 2020). In patients with late 

AMD (15 eyes with GA or sub-retinal fibrosis and 15 eyes with neovascular AMD), 

Sabeti et al. (2021) found 19.3% of OCT locations examined with reduced macular 

thickness (atrophic locations) and 7.9% of locations with increased macular thickness to 

be significantly related to reductions in corresponding perimetric sensitivity. 

Interestingly, retinal thickness beyond 8° eccentricity was significantly related to high-

contrast VA and macular sensitivity, with this trend not being observed within 8°. Such 

differences with retinal eccentricity in AMD may also explain the significant negative 

relationships of whole retinal thickness and RPE thickness we observed at 2.5° but not 

at 5°. Perhaps this is due to the likelihood of soft drusen (n=19), RPD (n=3), AMD-



 Chapter Eleven 299 
 

	

related pigmentary changes (hypo- [n=4] and hyper-pigmentation [n=5]), pigment 

epithelial detachments (n=9), hyperreflective foci (n=1) and geographic atrophy (n=1) 

underlying a greater proportion of stimuli at 2.5° compared to 5° in our AMD study 

cohort.  

 Saßmannshausen et al. (2021) also reported ONL as a significant indicator of 

reduced pointwise macular sensitivity. In the present study, outer retinal thickness was 

not significantly related to energy thresholds with either stimulus type or retinal 

eccentricity (fig. 11.11). This finding is in agreement with other studies where no 

correlation between partial outer retinal thickness (distance between the outer border of 

the OPL and the inner border of the ellipsoid zone) and mesopic microperimetric 

sensitivity in observers with RPD has previously been reported after correction for 

reduction in retinal sensitivity due to test location and presence of RPD (Steinberg et al. 

2016). Significant changes to outer retinal thickness in eyes with intermediate AMD have 

also been demonstrated to be dependent on drusen status, increasing with drusen growth 

and decreasing with drusen regression (Nivison-Smith et al. 2018). Due to the spectrum 

of AMD observers from early to late disease stage, displaying a variety of drusen forms, 

such findings may influence the association of outer retinal thickness with functional 

measures in this study.  This was elegantly demonstrated by Sabeti and colleagues (2021), 

but further work separating test locations according to increased and decreased retinal 

thickness to learn more about the structure-function relationship in this AMD study 

cohort is required. 

 Consistent with the premise that AMD is primarily an outer retinal condition, 

Medeiros and Curcio (2001) reported preservation of the retinal ganglion cell layer in 

donor eyes with aAMD. More recent work has suggested involvement of inner retinal 

layers, these being thinner in aAMD compared to controls (Savastano et al. 2014; Lee 

and Yu 2015; Yenice et al. 2015; Muftuoglu et al. 2017). Interpretation of such studies is 
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difficult however, with some examining ganglion cell complex i.e. ganglion cell layer and 

inner plexiform layer (Savastano et al. 2014; Yenice et al. 2015) whilst others have 

examined these retinal layers separately (Lee and Yu 2015; Lamin et al. 2019; Trinh et al. 

2020). Muftuoglu et al. (2017) analysed RGCL, IPL and RNFL, both individually and 

together (defined as the ganglion cell complex in such study). Interestingly, RGCL and 

RNFL were found to be spared at the fovea and parafovea in early AMD, but were 

affected by disease progression as the IPL becomes involved. In patients with early-

intermediate AMD, more retinal thickness changes have been identified in temporal 

RGCL compared to nasal RGCL, both examined at 12 test locations along the horizontal 

meridian (Camacho et al. 2017). Additionally, statistically significant differences in RGCL 

thickness have previously been reported between Spectralis OCT grid locations in 

intermediate AMD patients, with RGCL becoming thinner towards the fovea and thicker 

towards the peripheral macula (Trinh et al. 2020). These may explain the insignificant 

correlations between RGCL (fig. 11.9) and IPL (fig. 11.10) observed in this work, owing 

to almost half of the study cohort having early AMD where the IPL might not yet be 

affected. Limited evidence of a relationship between inner retinal thickness and macular 

sensitivity must also be considered. Saßmannshausen et al. (2021) did examine the 

longitudinal association between inner retinal thickness and pointwise mesopic and 

scotopic microperimetric sensitivity in intermediate AMD, but did not find this to be 

significantly related to macular sensitivity under both adaptation conditions. In addition, 

no statistically significant differences in inner retinal thickness were observed at baseline 

between AMD and control observers in their study cohort. In the present study, the 

weak and statistically insignificant associations between RGCL thickness and energy 

thresholds with both GIII and RA-sized stimuli provide further evidence for primarily 

outer retinal alterations due to AMD in this study cohort. 
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11.4.1 – Physiological basis for spatial summation in AMD 

Much debate surrounds the neurological source of spatial summation in both healthy 

and diseased visual systems, specifically at which visual pathway level it occurs. It has 

variously been hypothesised that photoreceptor and RGC density (Beitel 1934; Brindley 

1954; Swanson et al. 2004; Kwon and Liu 2019), RGC receptive field organisation 

(Hartline 1940b; Kuffler 1953; Glezer 1965), and higher visual centres (Pan and 

Swanson 2006; Redmond et al. 2010a) mediate the size of RA. One such theory 

proposes that a constant number of RGCs (~14-32 RGCs) underlies RA (Swanson et al. 

2004; Kwon and Liu 2019), this being required to maintain a constant signal-to-noise 

ratio as RGC density reduces with increasing visual field eccentricity. Redmond et al. 

(2010a) also suggested that enlargements of RA observed in glaucoma occur to maintain 

input from a constant number of RGCs to cortical receptive fields. The results of this 

study suggests that such a mechanism is unlikely to explain the change in spatial 

summation found in age-related macular disease. We observed a strong linear positive 

association between RGC number and RA estimates at both 2.5° (fig. 11.5a) and 5° (fig. 

11.6a) eccentricity (i.e. RGC number underlying RA increased as a function of RA). 

Additionally, no relationship was observed between RGCL thickness and RA estimates 

(figs. 11.5b, 11.6b). In elegant work by Montesano et al. (2020b), PRR was found to be a 

statistically significant structural predictor of reduced pointwise macular sensitivity in 

intermediate AMD. The authors hypothesised that observed altered PRR in AMD may 

be caused by photoreceptor atrophy or altered optical effects and directional light 

interaction due to functional damage by drusen. Considering outer retinal thickness did 

not significantly relate to functional measures in the present study, further work 

examining the relationship between estimates of RA and PRR and photoreceptor density 

specifically and may help to better understand the exact retinal features mediating RA in 
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AMD. It would however appear that reductions in input to RGCs from outer retinal 

changes (e.g., photoreceptor loss) may at least partially account for our observation of 

an increased RA estimate in AMD. 

 The findings in this work may also point to a significant cortical contribution to 

spatial summation characteristics in AMD. Evidence for large-scale reorganisation of the 

visual cortex has been reported in observers with macular degeneration such that 

peripheral stimuli activate the foveal cortex, the extent of reorganisation being 

dependent on the extent of vision loss and disease chronicity (Baker et al. 2005; Baker et 

al. 2008; Dilks et al. 2014). Significant enlargements of population receptive fields in 

areas of the visual cortex corresponding to retinal damage in patients with AMD or 

Stargardt’s disease compared to control participants have also been identified, with 

similar effects observed with stimuli masked to simulate AMD damage in healthy 

observers (Baseler et al. 2011). Considering these findings in addition to the observed 

retinal disruptions including drusen accumulation between the aging RPE and Bruch’s 

membrane (Gass 1972; Hageman et al. 2001; Crabb 2014), degenerative rod and later 

cone photoreceptors (Curcio et al. 1996; Johnson et al. 2005), RPE loss (Wu et al. 

2015b; Tepelus et al. 2017) and reticular pseudodrusen (Ooto et al. 2013; Pfau et al. 

2018), the neurological underpinnings of spatial summation in aAMD are likely to be 

determined at a number of locations along the visual pathway.  

 Considering the limitations of this work, poor segmentation of Bruch’s 

membrane in OCT scans should be acknowledged. Manual segmentation was used 

where appropriate in an effort to reduce the effects of this, but future work using 

artificial intelligence systems for more precise and repeatable automatic retinal tissue 

segmentation (De Fauw et al. 2018) would help reduce such limitations. A further 

limitation is our use of the Raza and Hood (2015) method for the estimation of RGC 
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number underlying both the RA-scaled and GIII stimuli. This method uses the average 

histological data of Curcio and Allen (1990) and thus only partly take into consideration 

inter- and intra-individual variations in retinal anatomy and ocular biometry. To date, no 

method has been developed to generate RGC counts from OCT scans that do not make 

use of average histology data. In addition, no study has compared counts generated by 

the Raza & Hood (2015) method to co-localised in-vivo counts from adaptive optics 

imaging. 

 

11.4.2 – Implications for microperimetric testing in AMD 

An improved relationship of whole retinal thickness with energy thresholds for RA-

sized stimuli compared to GIII was observed at 2.5° visual field eccentricity. This was 

confirmed using permutation analysis to identify a highly statistically significant slope 

difference (all P<0.001). In more recent literature, the appropriateness of the standard 

GIII stimuli has been brought into question through demonstrating boosted disease 

signal to glaucomatous visual field damage with stimuli designed to probe altered spatial 

summation characteristics compared to GIII (Redmond et al. 2010a; Rountree et al. 

2018). We have also demonstrated the benefits of such stimuli in observers with early, 

intermediate and atrophic AMD under adaptation conditions of photopic 

microperimetry (see chapter 10). Considering the improved structure-function 

relationships observed with RA-sized stimuli over and above those with GIII, this work 

provides further support for the use of stimuli designed to reflect spatial summation 

characteristics in age-related macular disease. Combining a more appropriate functional 

measure (RA-sized stimuli) with structural measures such as OCT could also further 

improve the longitudinal detection of AMD progression using Bayesian statistics 

(Russell et al. 2012).  
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11.5 - Conclusions   

Whole retinal thickness and RPE thickness are significantly related to energy thresholds 

with RA-sized stimuli at 2.5° visual field eccentricity in AMD and control participants, 

under conditions of photopic microperimetry. Structure-function correlations are 

improved (i.e., steeper regression line slope and higher correlation coefficient) with the 

use of stimuli scaled to local estimates of the upper limit of complete spatial summation 

(RA), compared to the standard Goldmann III stimulus at test locations at 2.5º. Such 

trends are not observed at 5°, and may reflect the heterogenous nature of AMD, this 

leading to differences in structure-function correlations as a function of visual field 

eccentricity (Sabeti et al. 2021). The ability of microperimetry to detect functional loss 

associated with structural changes in AMD may be significantly boosted should stimuli 

capable of probing alterations in spatial summation be used.  
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12.  Examining the effect of stimulus duration, area 

and visibility on fixation stability in AMD 

  

12.1 – Introduction 

The ability to maintain stable fixation is a fundamental visual function (Crossland et al. 

2004c; Krauzlis et al. 2017). In the healthy visual system fixation is maintained on a 

particular object of interest using small, involuntary eye movements including 

microsaccades, small amplitude drifts and oculomotor microtremor (Alexander and 

Martinez-Conde 2019). Previous work has revealed that factors including fixation target 

selection (Steinman 1965; Bellmann et al. 2004; McCamy et al. 2013; Thaler et al. 2013; 

Hirasawa et al. 2016; Nizawa et al. 2017), fixation test duration (Bellmann et al. 2004; 

Tarita-Nistor et al. 2017a), ocular diseases such as AMD (Bellmann et al. 2004; 

Crossland et al. 2004c; Kumar and Chung 2014), glaucoma, (Shi et al. 2013; Montesano 

et al. 2018) diabetic maculopathy (Dunbar et al. 2010), amblyopia and strabismus 

(Ciuffreda et al. 1979b; Ciuffreda et al. 1980; Chung et al. 2015; Shaikh et al. 2016) and 

systemic neurological conditions including Attentional Deficit Hyperactivity Disorder 

(Fried et al. 2014; Panagiotidi et al. 2017), autism spectrum disorder (Shirama et al. 2016), 

and Tourette syndrome (Shaikh et al. 2017) can influence fixation stability. While such 

observations are insightful, they do not represent fixation behaviour during perimetry, it 

being currently unknown how fixation behaviour is affected by the spatial and temporal 

characteristics of perimetric stimuli.  

 During perimetric testing, observers are required to maintain steady fixation on 

a central target whilst contrast thresholds for spot stimuli are measured at pre-defined 

locations in the visual field. Stable fixation throughout such a task is important, with 
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greater fixation instability resulting in higher contrast thresholds (Leibowitz and Appelle 

1969) and increased measurement variability (Hirasawa et al. 2016). Ishiyama et al. 

(2015) reported that high rates of fixation losses and false positives increased mean 

deviation values, whilst eye movements greater than 3° decreased mean deviation values 

in patients with open angle glaucoma. Indeed, significantly worse fixation stability has 

been observed during microperimetry examination compared to a simple fixation task 

on a static target in participants with AMD (Longhin et al. 2013; Fragiotta et al. 2018). 

 Microperimetry attempts to minimize fixation stability issues, particularly in 

patients with central field loss like AMD, through the adjustment of stimulus location 

using information about participant gaze position, recorded by retinal eye tracking. 

Despite the application of such corrections, comparable diagnostic precision 

(Montesano et al. 2019) and similar structure-function relationships (Montesano et al. 

2020a) have been demonstrated with the gaze-contingent Compass (CMP, CenterVue, 

Padova, Italy) and non-gaze-contingent Humphrey Field Analyser (Carl Zeiss Meditec 

Ltd., USA) in glaucoma patients. Patients with recently acquired macular disease who 

exhibit unsteady fixation (Crossland et al. 2004c) may also overwhelm the gaze-

contingent abilities of microperimetry testing (i.e. fixation loss is not fully accounted for), 

leading to unreliable or variable macular sensitivity measurements (Chiang et al. 2018). 

In particular, the limited temporal resolution of fundus tracking (typically 25 Hz) 

incorporated into such instruments may limit the ability to correct for intra- and inter- 

stimulus fixational eye movements.  

 Microperimetry also suffers from a number of marked limitations including 

high measurement variability (Chen et al. 2009b), a limited dynamic range (Chen et al. 

2009b; Steinberg et al. 2017), and poor-sensitivity to the effects of early and intermediate 

AMD (Maynard et al. 2016). Such limitations may be related to the choice of stimulus 

parameters, given that these were simply adopted from SAP and earlier kinetic perimetry 
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(International Council of Ophthalmology 1978) (i.e., Goldmann I-IV and presentation 

duration 100-200 ms assumed to be shorter than the minimum velocity of voluntary 

saccadic eye movements), without consideration of Ricco’s (Ricco 1877) or Bloch’s laws 

(Bloch 1885) of spatial and temporal summation. These describe how the visual system 

integrates light energy over both space and time respectively, and state that the product 

of stimulus contrast (DI) and area (A) or duration (t), are constant at threshold (DI x A 

or t = k). These relationships hold true for stimuli of small area or short duration. The 

upper limit of complete spatial summation is termed Ricco’s area (RA), and the critical 

duration refers to the upper limit of complete temporal summation.  

 It is widely accepted that spatial and temporal summation are adaptive 

mechanisms, serving to boost sensitivity in the presence of noise in the visual system to 

maintain optimal signal-to-noise ratio in ever-changing visual environments. RA is 

known to enlarge with reduced background luminance (Barlow 1958; Redmond et al. 

2013a), increasing visual field eccentricity (Wilson 1970; Volbrecht et al. 2000b; Khuu 

and Kalloniatis 2015; Kwon and Liu 2019), and in various ocular diseases, including 

glaucoma (Redmond et al. 2010a; Mulholland et al. 2015b), amblyopia (Je et al. 2018), 

retinitis pigmentosa (Swanson et al. 2000) and myopia (Stapley et al. 2020). The critical 

duration is also known to alter with changes in background luminance (Graham and 

Kemp 1938; Keller 1941; Barlow 1958), stimulus area (Graham and Margaria 1935; Karn 

1936) and glaucoma related changes in RGC function and density (Mulholland et al. 

2015b). In previous work using custom gaze-contingent microperimetry tests, we 

discovered that RA is enlarged in participants with early, intermediate and atrophic 

AMD compared to age-similar controls, yet the critical duration remained unchanged 

relative to control observers (see chapter 10). These findings suggest that the sensitivity 

of microperimetry to functional changes in AMD may be markedly improved through 

the use of a test strategy capable of probing alterations in spatial summation in AMD.  
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 While the sensitivity of microperimetry to the effects of early, intermediate and 

atrophic AMD may be improved by altering the spatial characteristics of stimuli, it is 

currently unclear which temporal and spatial stimulus parameters optimise fixation 

stability. Such information would serve to further inform the selection of stimulus 

parameters for the assessment of functional deficits in AMD using both standard 

perimeters (where gaze-contingent test strategies are not possible) and microperimeters. 

To our knowledge no previous study has examined the effect of spatial and temporal 

stimulus characteristics on fixation stability.  

 The majority of studies in the literature have examined fixation stability for a 

static target over a fixed time period in observers with AMD in the absence of 

concurrent stimulus presentations. During such a task, fixation stability has been shown 

to improve with central compared to pericentral targets in control and AMD 

participants (Bellmann et al. 2004), and post-treatment of unilateral neovascular AMD 

with intravitreal ranibizumab injections (González et al. 2011). A limited number of 

studies have measured fixation stability during a perimetric task in AMD. Longhin et al. 

(2013), using the Nidek MP-1 microperimeter, compared the bivariate contour ellipse 

area (BCEA), describing the elliptical area within which 68.2% (one SD), 95.4% (two 

SDs) and 99.6% (three SDs) of collected fixation locations lie, to a clinical qualitative 

classification system for fixation stability (Fujii et al. 2002). Significantly more unstable 

fixation was observed during microperimetry compared to a static fixation task in all 

ocular disease groups examined (including AMD) using both BCEA and clinical 

classification parameters. Similar findings were reported by Fragiotta et al. (2018), who 

observed BCEA values to be significantly larger for all three standard deviations during 

a microperimetry test compared to a static fixation task in eyes with late AMD. These 

findings suggest that dynamic fixation stability is more sensitive to the disruption in 

fixation characteristics caused by AMD compared to static measurements, with the 
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addition of peripheral stimuli to a fixation task leading to higher BCEA values. 

Nevertheless, such studies have only used the standard Goldmann III (GIII) stimulus 

(diameter: 0.43°, duration: 200 ms) traditionally used in microperimetry and standard 

automated perimetry (SAP).  

 Both studies discussed above (Longhin et al. 2013; Fragiotta et al. 2018) have 

used BCEA to quantify fixation stability. This is unsurprising given that is the most 

commonly used measure of fixation stability (Crossland et al. 2004c; González et al. 

2011; Pearce et al. 2011a; Mandelcorn et al. 2013; Tarita-Nistor et al. 2017b). Longhin et 

al. (2013) additionally used Fujii classification (Fujii et al. 2002), which is typically 

incorporated in commercially available microperimetry devices and classifies fixation 

stability by reporting the proportion of fixation points within circles of 2° and 4° 

diameter (see section 3.3.1). Although easy to comprehend and interpret, the clinical 

relevance of this classification system has been highlighted in the literature, relating 

poorly to reading speed and critical print size in AMD observers (Crossland et al. 2009), 

and does not account for multimodal fixation patterns including the often multiple 

preferred retinal locations which AMD patients may display (Tarita-Nistor et al. 2008). 

Unlike BCEA, Fujii classification also does not account for typical elliptical fixation 

pattern (Sansbury et al. 1973), yet this is observed in normal fixation. Consequently, 

Whittaker et al. (1988) proposed the isolines method, which defines an isoline (or 

contour) containing a chosen percentage of the highest density fixation points (e.g. 68%), 

and does not make any assumptions on the distribution of fixation data (see section 

4.4.1.2). Similar fixation stability patterns were however reported using BCEA and 

isoline methods in patients with macular disease (Kumar and Chung 2014). Furthermore, 

all such methods relate to spatial quantification of fixation stability, and to our 

knowledge no temporal methods have been used to examine fixation stability in AMD. 

Montesano et al. (2018) proposed two novel methods used in investigating fixation 
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characteristics in glaucoma patients, namely sequential Euclidean distance (SED) as a 

measure of the frequency of changes in fixation independent of the spatial distribution 

of fixation points, and mean Euclidean distance (MED) as an alternative measure of the 

central spread of data points around the mean fixation position. Such metrics in addition 

to BCEA may also be more informative of fixation stability in AMD.  

 In this study the effect of altering stimulus area and duration on fixation 

stability (expressed as BCEA, MED and SED) within a gaze-contingent perimetric test 

will be investigated in healthy control observers and individuals with early-intermediate 

AMD under the adaptation conditions of photopic microperimetry. We also seek to 

determine how stimulus visibility (i.e., whether stimulus presentations are sub- or 

suprathreshold) influences fixation behaviour in the same cohorts.  

 

12.2 – Methods 

12.2.1 – Participants 

Eighteen participants with early (n=9) or intermediate (n=9) AMD (mean age, 74.1; 

range, 57-90) and 20 healthy age-similar controls (mean age, 67.8; range, 55-80) were 

examined as part of a cross-sectional prospective study (see chapter 10). All participants 

were tested in the Centre for Optometry and Vision Science (COVS) at Ulster 

University, Coleraine. Participants with AMD had a visual acuity of 6/12 or better in the 

test eye (range 6/5 – 6/12), with healthy participants having a visual acuity of 6/9 or 

better in the test eye (range 6/5 – 6/9). All participants had spherical refractive error 

within ±6.00 dioptres sphere in all meridians with astigmatism less than or equal to 1.25 

dioptres cylinder and a normal intraocular pressure measured with Goldmann tonometry 

(>5 and ≤23 mmHg). Slit-lamp assessment of the anterior eye and biomicroscopic 
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assessment of the posterior segment showed no significant lens opacities, ocular 

pathology in control participants, or concurrent ocular abnormalities in AMD 

participants. The absence of systemic disease or medications that could affect visual 

performance was confirmed in all participants. Controlled systemic conditions that 

would not affect vision were permitted e.g. controlled hypertension. No participants had 

strabismus or history of amblyopia. Optical coherence tomography (OCT) was used to 

confirm peripapillary retinal nerve fibre layer (RNFL) thickness to be within normal 

limits in all participants (Spectralis, Heidelberg Engineering GmbH., Heidelberg, 

Germany). Macular scans showed no visible ocular pathology in healthy participants, 

and characteristic features of AMD including drusen, reticular pseudodrusen and 

pigment epithelial detachments were confirmed using OCT. Beckman clinical 

classification system (Ferris III et al. 2013) was used to grade the severity of AMD (see 

table 1.1) evident in chromatic fundus photographs (Canon CR-DGi Non-Mydriatic 

Retinal Camera, Canon, UK; Viewing angle, 40°). Any eyes displaying signs of 

neovascular AMD were excluded from experimental testing. Full visual fields were 

confirmed in the test eye using the 24-2 SITA standard test on the Humphrey Field 

Analyser (Carl Zeiss Meditec, Dublin, CA, USA). Visual fields were examined according 

to criteria published by Hodapp et al. (1993) to exclude any glaucoma-related visual field 

loss, and also examined for artifacts (e.g. caused by corrective lens). 

 Ethical approval to undertake this study was granted by the Health and Social 

Care Research Ethics Committee A (HSC REC A). The research protocol adhered to 

the tenets of the Declaration of Helsinki and each participant provided informed 

consent prior to data collection.  
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12.2.2 – Apparatus and stimuli 

Participants performed custom gaze-contingent microperimetry tests using stimuli 

presented on a gamma-corrected 21-inch CRT display (SONY 420-GSM; frame rate 75 

Hz, pixel resolution 1280x1024, viewing distance 640 mm, maximum luminance 122.7 

cd/m2), with a uniform background luminance of 9.62 cd/m2 following a one-hour 

warm-up period. Stimuli were achromatic and generated using MATLAB (R2016b, The 

MathWorks Inc., Natick USA) with Psychtoolbox (version 3.0) and a Bits# (Cambridge 

Research Systems, Rochester, UK). Responses were collected using a response box 

(Cedrus RB-540, Cedrus Inc., USA) with a listening window of two seconds following 

stimulus onset. Participants placed their heads in a secure, purpose-built chin-rest, and 

wore a trial frame holding a full-aperture lens to correct test eye refractive error for the 

test distance if required. An opaque patch was used to occlude the fellow eye. 

Throughout all microperimetry tests, and visible to all AMD and control participants, 

observers fixated a white circular target with a central negative contrast spot (diameters 

0.43° and 0.215° respectively). This was chosen to optimise fixation stability, based upon 

previous studies that have examined the effect of target shape on fixation stability 

(Bellmann et al. 2004; Thaler et al. 2013; Hirasawa et al. 2016). 

 Eye movements were recorded throughout all psychophysical tests using a high-

speed eye tracker (1000 Hz, EyeLink 1000-plus, SR Research, Canada), with data 

collection being undertaken in normal room illumination to reduce pupil size and limit 

tracking artefacts due to changes in the measured position of the pupil centre as a result 

of a larger pupil in dark adaptation conditions (Wyatt 2010; Drewes et al. 2014). The 

eye-tracking system was calibrated before every test run and subsequently validated 

where necessary. Presented stimulus position was corrected according to participant 

gaze position within each frame of stimulus presentation (i.e. fully gaze-contingent). 
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Where fixation errors were greater than 1° from the fixation target location, that 

stimulus presentation was skipped (and repeated at a random point later in the test) to 

prevent stimuli being presented on monitor locations where spatial luminance 

inhomogeneity was detected (see chapter 8) or, in the case of large fixation errors, off 

the monitor screen. 

 Experimental testing was undertaken in two phases, including (i) an area-

modulation paradigm with an achromatic stimulus of constant luminance (∆I 3.63 

cd/m2, log ∆I/I -0.44) and duration (Bridgeman duration 190.4 ms, 15 frames), and (ii) 

an achromatic luminance-modulation paradigm with stimuli of six different durations (1-

15 frames, Bridgeman duration 3.7-190.4 ms), using a GIII stimulus (0.43° diameter) 

and stimuli scaled to the local area of complete spatial summation (RA) from phase one, 

in separate test runs. RA estimates in phase one, and contrast thresholds in phase two 

were both measured at eight test locations along the 90°, 180°, 270° and 360° visual field 

meridians; four each at 2.5° and 5° visual field eccentricity. Further details of the 

microperimetry tests and psychophysical procedure are described in detail in chapter 10. 

Briefly, a randomly interleaved 1/1 staircase with a Yes/No response paradigm was used 

to determine thresholds for both area (phase one) and contrast (phase two). Each 

staircase terminated after four reversals, with threshold being calculated as the mean of 

the final two reversals for area in phase one, and the mean of all four reversals for 

contrast in phase two. 

 

12.2.3 – Data analysis  

Eye movement data for GIII and RA-sized stimuli with each presentation duration were 

initially converted to a format that may be processed in MATLAB (i.e. from proprietary 

‘.edf’ format to ‘.mat’). Blinks and any microsaccadic eye movements with a velocity 
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greater than 30 deg/sec were subsequently removed from each test trial. Fixation 

stability was quantified by calculating three parameters for each stimulus presentation 

period (incorporating stimulus presentation and inter-stimulus interval) in all tests (fig. 

12.1). These include (i) bivariate contour ellipse area (BCEA), and two novel measures, 

namely (ii) mean Euclidean distance (MED), and (iii) sequential Euclidean distance 

(SED) proposed by Montesano et al. (2018) in an effort to better characterise changes in 

fixation observed during a perimetric task. 

 

 

- Fig. 12.1:  Schematic to demonstrate how fixation stability is calculated for each 

stimulus presentation incorporating interstimulus interval (ISI) and listening window 

(LW). This is illustrated for (a) BCEA, (b) MED and (c) SED.  BCEA and MED are 

both spatial measures of fixation stability, representing the spread of fixations with 

respect the mean of the cloud of points (barycentre). This is shown by the red ellipse for 

(a) 68% BCEA and blue lines between each fixation point and the barycentre for (b) 

MED. SED is a temporal fixation stability parametric, illustrated by the blue lines 

between each sequential point in the fixation pattern (c). 
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12.2.3.1 – BCEA 

BCEA describes the elliptical area over which a set proportion of fixation locations 

collected within the trial period lie (fig. 12.1a). This was calculated in min arc2 using 

equation 12.1 (Steinman 1965). 

 

 

The standard deviation of eye position over the horizontal and vertical meridians are 

represented by  σH and σV respectively, where ρ is the product-moment correlation of 

these components and k is defined by equation 12.2. 

Where P is the probability area describing the proportion of fixations that lie within the 

ellipse and e is the base of natural logarithm. For the purposes of this study, BCEA was 

calculated with k = 1.14 such that a probability area encompassing 68% of fixations was 

calculated for each stimulus presentation. These values were chosen based upon those 

used by Crossland et al. (2004b; 2004c). 

 

 

12.2.3.2 – MED 

MED describes the dispersion of tracked eye positions around the mean position of all 

data points within each stimulus presentation (i.e. the barycentre). This was calculated in 

 BCEA = 2kσHσV(1 - ρ2)1/2 (12.1) 

 P = 1 - e-k (12.2) 
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degrees by determining the average Euclidean distance from each tracked fixation to the 

barycentre (fig. 12.1b).  

  

12.2.2.3 – SED 

Whilst BCEA and MED are both spatial measures of fixation stability, SED describes 

how frequently fixation location varies over the test period and was calculated as the 

average Euclidean distance (deg) between each data point and the subsequent eye 

position in the temporal sequence of recorded data points (fig. 12.1c).  

 

Kolmogorov-Smirnov test found all data for each fixation stability metric to be non-

parametric (all P<0.05), such that log-transformed values of BCEA, MED, and SED 

were used in all further analysis. A 4-way ANOVA with the fixed effects of disease 

status (AMD or control), stimulus duration, stimulus visibility (defined as when contrast 

was sub- or supra-threshold) and stimulus area (GIII or RA-sized) was used to identify 

factors influencing BCEA, MED and SED. Post-hoc analysis with subsequent Holm-

Bonferroni correction was used to determine statistically significant pair-wise 

comparisons between influential factors on each fixation stability parameter. For all 

statistical tests an a-value of 0.05 (after correction for multiple comparisons as 

appropriate) was considered statistically significant. 

 

12.3 – Results    

For the purposes of statistical analysis, all trials containing less than 1000 fixation points 

were excluded from further analysis (AMD: n=631 [4.7%], controls: n=0). 
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12.3.1 – BCEA 

Statistically significant interaction effects were observed between disease status, stimulus 

area and presentation duration (F(5,25739)=7.19, P=<0.001) on BCEA (fig. 12.2). Main 

effect analysis demonstrated mean BCEA (log min arc2) to be significantly larger 

(P<0.001) in AMD participants compared to healthy controls (AMD: 2.857 ±  0.50, 

Controls: 2.695 ± 0.48, fig. 12.2), in agreement with previous studies (Bellmann et al. 

2004; Kumar and Chung 2014; Liu et al. 2015a; Fragiotta et al. 2018). Longer stimulus 

durations (190 ms; AMD: 2.879 ± 0.51, Controls: 2.793 ± 0.54, 3.7 ms; AMD: 2.815 ± 

0.47, Controls: 2.643 ± 0.43, fig. 12.5a) and those stimulus presentations that were 

supra-threshold (AMD: 2.877 ± 0.50, Controls: 2.728 ± 0.47; Sub-threshold stimuli: 

AMD: 2.837 ± 0.50, Controls: 2.660 ± 0.48, fig. 12.6a) also produced larger BCEA 

values in both the control and AMD groups (P<0.001). Post-hoc analysis revealed 

BCEA to be significantly larger with the longest (190 ms) compared to the shortest (3.7 

ms) stimulus for both AMD and control groups with the GIII stimulus (all P<0.05, fig. 

12.5a). The same trend was observed with the RA-scaled stimulus in the control group 

(P<0.001, fig. 12.5a). 
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- Fig. 12.2:  Interaction plots produced from 4-way ANOVA to illustrate the influence 

of disease status, stimulus visibility, stimulus area and stimulus duration on BCEA. 

 

12.3.2 – MED 

In a similar manner to BCEA, statistically significant interaction effects were observed 

between disease status, stimulus area and presentation duration (F(5,25739)=7.71, 

P=<0.001) on MED (fig. 12.3). MED (log deg) was also significantly larger (P<0.001) in 

AMD participants compared to controls (AMD: -0.602 ± 0.29, Controls: -0.677 ± 0.27, 

fig. 12.3). Main effect analysis also found statistically significant enlargements of MED 

with longer stimulus durations (190 ms; AMD: -0.589 ± 0.29, Controls: -0.628 ± 0.31, 

3.7 ms; AMD: -0.627 ± 0.27, Controls: -0.707 ± 0.25, fig. 12.5b) and when stimuli were 

supra-threshold (AMD: -0.589 ± 0.29, Controls: -0.660 ± 0.27; Sub-threshold stimuli; 

AMD: -0.614 ± 0.29, Controls: -0.696 ± 0.27, fig. 12.6b) across both participant groups 
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(both P<0.001). Post-hoc analysis showed MED to be significantly larger with the 190 

ms compared to the 3.7 ms presentation duration using the GIII stimulus for AMD and 

control participants (all P<0.05) and also with the RA-sized stimulus for controls 

(P<0.001, fig. 12.5b).  

 

- Fig. 12.3:  Interaction plots produced from 4-way ANOVA to illustrate the influence 

of disease status, stimulus visibility, stimulus area and stimulus duration on MED. 

 

12.3.3 – SED 

Similar to BCEA and MED, statistically significant interaction effects were observed 

between disease status, stimulus area and presentation duration (F(5,25739)=11.15, 

P=<0.001) on SED (fig. 12.4). Main effect analysis found SED to be significantly larger 

(P<0.001) in the AMD compared to the control group (AMD: -2.017 ± 0.13, Controls: -

2.098 ± 0.12, fig. 12.4). In contrast to BCEA and MED, stimulus visibility did not have 

a significant effect on fixation stability when quantified using SED in both AMD and 
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control participants (P=0.12, fig. 12.6c). Stimulus area was also a main effect (P<0.001), 

causing SED to be smaller with the GIII compared to the RA-sized stimulus in controls 

(GIII: -2.105 ± 0.11, RA: -2.090 ± 0.13), yet SED was very similar with both stimuli in 

AMD participants (GIII: -2.018 ± 0.12, RA: -2.016 ± 0.13, fig. 12.4). In agreement with 

BCEA and MED metrics, longer stimulus durations also produced significantly larger 

SED values (P<0.001) in both participant groups (190 ms; AMD: -2.016 ± 0.13, 

Controls: -2.078 ± 0.13, 3.7 ms; AMD: -2.024 ± 0.11, Controls: -2.105 ± 0.11, fig. 12.5c). 

Post-hoc analysis showed SED to be significantly greater with the 110 ms presentation 

duration compared to 3.7 ms using the GIII stimulus (P<0.05), and significantly larger 

with the 190 ms stimulus compared to 3.7 ms (P<0.001) in both AMD and control 

participants with the RA-sized stimulus (fig. 12.5c).  

 

- Fig. 12.4:  Interaction plots produced from 4-way ANOVA to illustrate the influence 

of disease status, stimulus visibility, stimulus area and stimulus duration on SED. 

-2.02

-2.04

-2.06

-2.08

-2.10

-2.02

-2.04

-2.06

-2.08

-2.10

-2.02

-2.04

-2.06

-2.08

-2.10

-2.02

-2.04

-2.06

-2.08

-2.10

-2.02

-2.04

-2.06

-2.08

-2.10

-2.02

-2.04

-2.06

-2.08

-2.10

Duration (ms)
D1 = 3.7
D2 = 17.0
D3 = 30.4
D4 = 57.0
D5 = 110.4
D6 = 190.4

D1Seen GIII RA

GIII RA

Unseen

SeenControls AMD Unseen

D2 D3 D4 D5 D6

Seen

Unseen

Visibility

Disease Status

Controls

AMD

Area

RA

GIII

SE
D
(lo
g
de
g)

SED
(log

deg)



 Chapter Twelve 321 
 

	

 

- Fig. 12.5:  Boxplots to show (a) BCEA, (b) MED and (c) SED with a GIII (circles) 

and Ricco’s area (RA)-sized stimulus (triangles) using 3.7 ms and 190 ms presentation 

durations for AMD (orange) and control (white) participants. Outliers (defined as values 

outside the maximum whisker length of q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th 

percentiles, respectively) are represented by “+” markers. Data points for each fixation 

stability parameter calculated for each stimulus presentation are included for reference.  
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- Fig. 12.6:  Boxplots to show (a) BCEA, (b) MED and (c) SED with a GIII (circles) 

and Ricco’s area-sized stimulus (triangles) using sub- and supra-threshold for AMD 

(orange) and control (white) participants. Outliers (defined as values outside the 

maximum whisker length of q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, 

respectively) are represented by “+” markers. Data points for each fixation stability 

parameter calculated for each stimulus presentation are included for reference.  
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12.4 – Discussion 

In this study, we found statistically significant effects of varying stimulus parameters on 

fixation stability during a photopic gaze-contingent microperimetry task, with the 

relative effect of altering such parameters differing with disease status and the fixation 

stability metric considered. Fixation instability was greatest with longer stimulus 

presentation durations (>110 ms), for supra-threshold stimuli and in participants with 

early-intermediate AMD compared to age-similar controls. To our knowledge, this is the 

first study to investigate the effects of stimulus parameters (area and duration) and 

relative stimulus visibility on fixation stability during a perimetric task, in observers with 

AMD and healthy controls.  

 Fixation instability was significantly greater in participants with early-

intermediate AMD compared to age-similar controls, irrespective of the metric used to 

quantify fixation stability. Many studies have found fixational eye movements to be 

altered in AMD, leading to fixation instability (Sunness et al. 1996; Bellmann et al. 2004; 

Crossland et al. 2004c; Midena et al. 2004; Crossland et al. 2005; Macedo et al. 2011; 

Kumar and Chung 2014). Macedo et al. (2011) elegantly demonstrated that 

compensating for fixation instability by reducing retinal image motion in the better eye 

of eight AMD patients and two patients with juvenile macular degeneration did not have 

any effect on measured BCEA for all levels of compensation examined, and only 

reduced crowded and non-crowded visual acuity when fixation instability was 

overcompensated for. The authors concluded that fixation instability in AMD may be 

due to poor oculomotor control leading to increased retinal image motion or velocity. 

Kumar and Chung (2014) reported that primarily the amplitude of microsaccades and in 

part the amplitude of slow drifts are highly correlated with BCEA (adjusted R2 = 0.889, 

P<0.001) measured in a group of patients with AMD (n=13) and Stargardt’s disease 
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(n=3), and were assumed to be the source of fixation instability in macular disease based 

on multiple regression and post-hoc ordering effect analysis. Although such findings 

have examined BCEA specifically, it would be reasonable to hypothesise that poor 

oculomotor control leading to increased amplitude of microsaccades and slow drift 

would result in an observed increase in BCEA, MED and SED. Crossland et al. (2004) 

found a reduction in fixation stability quantified using BCEA to account for 

approximately half (52%) of the variance in reading speed change found in patients with 

newly acquired macular disease (AMD: n=20, juvenile macular disease: n=5). This 

correlation between BCEA and reading speed has later been confirmed in individuals 

with established AMD (Rubin and Feely 2009; Amore et al. 2013a). Although the 

authors hypothesised reading speed changes in AMD to also be influenced by other 

factors, including a reduction in the number of characters visible at one time i.e. 

perceptual span, the extent of the variance in reading speed change accounted for by 

SED in AMD observers would be interesting to identify in order to better understand 

the source of altered temporal eye movement characteristics in the condition.  

 Few studies have investigated ‘dynamic’ fixation stability in observers with AMD 

where eye movements are examined throughout a perimetric task, but rather ‘static’ 

fixation stability when observers are required to fixate a static target with no peripheral 

stimuli to avert attention. Longhin et al. (2013) did directly compare dynamic and static 

fixation stability in a cohort of participants with different ocular diseases including AMD, 

and reported fixation instability to be greater during microperimetry compared to a static 

fixation task, where concurrent stimulus presentations were absent in all disease groups. 

The difference between dynamic and static BCEA was however only statistically 

significant for the AMD group, leading the authors to conclude that fixation stability is 

more dramatically impaired in AMD compared to the other diseases examined (centre-

involving diabetic macular oedema, vitreoretinal interface disease and primary open-
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angle glaucoma). This also suggests examination of eye movements during a perimetric 

task to be more sensitive to disruptions in fixation stability caused by AMD. Fragiotta et 

al. (2018) also found dynamic BCEA to be significantly greater than static BCEA in 

participants with late AMD and healthy controls. These findings are in alignment with 

those presented in this work, whereby supra-threshold stimuli yield larger BCEA values 

than sub-threshold stimuli (fig. 12.6a). This is unsurprising given that stimuli act to avert 

attention away from the central fixation target, and re-directing attention and eye 

position back to the central target may be delayed by inhibitory responses to saccadic 

eye movements (Posner and Cohen 1984; Posner et al. 1985).  

 Significantly larger MED values were also observed for supra-threshold stimuli 

in both AMD and control observers (fig. 12.6b), yet stimulus visibility did not seem to 

have any effect on SED across participant groups, stimulus areas and all presentation 

durations (fig. 12.6c). Although both spatial and temporal aspects of fixation stability 

appear to be disrupted in AMD, likely due to the heterogenous nature of damage to 

visual function in the disease (Liu et al. 2015b; Montesano et al. 2020b; Saßmannshausen 

et al. 2021), there appear to be differences in the influence of different stimulus 

parameters on fixation stability when it is quantified temporally using SED during a 

perimetric task in observers both with and without AMD. This may be due to the fact 

that continuous involuntary eye movements are vital in any visual system to elicit abrupt 

changes in retinal illumination and initiate strong neural responses in order to prevent 

perceptual fading (Hartline 1940a; Kuffler 1952; Kuffler 1953). Although this is of 

particular importance in the peripheral retina to prevent Troxler fading, more recent 

studies have demonstrated that microsaccades also act to prevent perceptual fading in 

the central retina (Engbert and Mergenthaler 2006; Martinez-Conde et al. 2006; 

Martinez-Conde 2006; Rucci et al. 2007). Engbert and Mergenthaler (2006) found that 

microsaccade onset is correlated with low retinal image slip ~200 ms prior to the 



 Chapter Twelve 326 
 

	

microsaccade being initiated. This was hypothesised as a result of a dynamic triggering 

mechanism, and may explain increased temporal sequence of fixational eye movements 

to maintain visibility of the central fixation target.  

 Longer stimulus durations produced larger values of all fixation stability metrics 

with GIII and RA-sized stimuli across AMD and control participant groups (fig 12.5). 

This difference was statistically significant between the longest (190 ms) and shortest 

(3.7 ms) presentation duration with the GIII stimulus for BCEA and MED values in 

AMD and control participants, and with the RA-sized stimulus for controls. SED was 

significantly larger for the 110 ms duration compared to 3.7 ms with the GIII stimulus, 

and significantly larger for the 190 ms stimulus compared to the 3.7 ms stimulus with 

the RA-sized stimulus in both participant groups. Such findings are likely due to the 

latency of saccadic eye movements. Owing to the time period between the production 

of sensory signals from stimulus presentation, convergence in the superior colliculus of 

the midbrain and conversion to motor command signals (Mays and Sparks 1980; Sparks 

1986), the minimum speed to which the eye can be moved is in the order of 200 ms 

(Fischer and Breitmeyer 1987; Fischer et al. 1997; Irving et al. 2006). 

 

12.4.1 – Implications for perimetric testing in AMD 

This study has provided novel insights into fixability stability within a perimetric test 

using a standard stimulus (Goldmann III, 200 ms duration) and how altering stimulus 

spatial and temporal parameters influences intra-test fixation behaviour. The 

improvement in test sensitivity with the use of stimuli modulating in area (Redmond et 

al. 2010a; Rountree et al. 2018) and/or duration (Mulholland et al. 2015b) compared to 

the standard GIII stimulus for contrast threshold measurement has been demonstrated 

in the detection of glaucoma. We have previously shown in the same participant cohort 
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as the present study, that the sensitivity of standard photopic microperimetry to the 

effects of early, intermediate and atrophic AMD can be markedly improved through the 

use of stimuli equal in size to the local RA (see chapter 10). In a similar manner, altering 

the spatial and temporal parameters of stimuli can influence the fixation stability 

observed.  

 The results of this study suggest that fixation stability during perimetric testing 

may be improved through the use of stimuli with a presentation duration <110 ms, 

potentially leading to more accurate (Leibowitz and Appelle 1969; Ishiyama et al. 2015) 

and less variable (Hirasawa et al. 2016) contrast threshold measurement. Care must 

however be taken to achieve the correct balance between improved fixation stability and 

possible increased measurement variability attributable to shorter stimulus durations.  

Further work is required to determine if any improvements in fixation stability with 

stimulus durations <110 ms and test sensitivity with RA-sized stimuli respectively, are 

offset by increased measurement variability in observers with AMD (i.e., to identify the 

stimulus parameters that offer the optimal ratio of test sensitivity to measurement 

variability [noise] i.e. SNR in AMD). Considering this, the likely clinical significance of 

the findings reported in this study should be identified. For example, it is possible that 

the finding of increased eye movements with a RA-sized stimulus will lead to 

corresponding increases in measurement variability, this offsetting the boost in test 

sensitivity observed with this stimulus form (see chapter 10). It is also unclear if the 

reductions in eye movements with a short duration stimulus will confer any advantage 

over longer duration stimuli when considering SNR. Finally, in this study we only 

examined fixation stability for one fixation target. This is significant given that both 

fixation stability and measured contrast thresholds in the central visual field are 

influenced by fixation target selection (Hirasawa et al. 2016). 
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12.5 – Conclusions 

Fixation stability is influenced by AMD disease status, stimulus duration, area and 

visibility, and may be improved in perimetric testing through the use of stimuli <110 ms. 

While this is the case, and considering other findings in this thesis (chapter 10), further 

work is necessary to identify the stimulus parameters that offer the optimal SNR for the 

detection of AMD. 
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13.  Thesis Conclusions 

  

In this thesis we examined achromatic spatial, temporal and spatiotemporal summation 

in age-related macular degeneration (AMD) with the primary aim of determining the 

optimal spatial and temporal stimulus parameters for use in microperimetry to improve 

the detection of functional change in the condition. Currently used microperimetric 

stimuli were not selected with any reference to how the visual system integrates light 

energy over space or time (spatial or temporal summation), and whether these processes 

change in AMD. Rather, these were simply selected to be the same as those used in 

standard automated perimetry (SAP) and earlier kinetic perimetry instruments 

(International Council of Ophthalmology 1978). Specifically, stimuli of area Goldmann 

size I-V (GI-GV, 0.11°-1.73° diameter) and presentation duration assumed to be shorter 

than the minimum velocity of voluntary saccadic eye movements (100-200 ms) are 

typically used in microperimetry. The results of the studies within this PhD suggest that 

utilising such standard stimuli of fixed area during microperimetry limits test sensitivity 

to central visual field deficits in AMD and weakens the relationship between such 

functional measures and AMD induced changes in retinal thickness. The implications of 

selecting different stimulus parameters on fixation stability during microperimetric 

examination have also been considered.  

 

13.1 – Review of findings 

In the first study we examined achromatic spatial summation at twelve locations, four 

each at 2.5°, 5° and 10° visual field eccentricity, under adaptation conditions of mesopic 

microperimetry in five observers with no eye disease. Considering the hypothesised role 
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of retinal ganglion cell (RGC) density in the mediation of the size of Ricco’s area (RA) 

across the visual field under photopic adaptation conditions (Swanson et al. 2004; Kwon 

and Liu 2019), we also sought to determine the extent to which co-localised retinal 

ganglion cell density could account for any observed changes in spatial summation (RA 

and partial summation) with visual field eccentricity under mesopic conditions. The 

primary purpose of this study was to determine spatial summation characteristics under 

similar adaptation conditions to mesopic microperimetry in healthy observers, given the 

single study existing within the psychophysical literature to our knowledge that has 

examined spatial summation under mesopic conditions did so using a background and 

stimulus duration that were not reflective of those used in conventional mesopic 

microperimetry  (Dannheim and Drance 1971a). We also wished to compare RA 

estimates under such conditions to a GIII-area stimulus (0.15 deg2) across the central 

visual field in observers with no eye disease. Unlike photopic conditions (Wilson 1970; 

Khuu and Kalloniatis 2015; Kwon and Liu 2019), no significant change in the upper 

limit of complete spatial summation (RA) was observed with visual field eccentricity. 

While this is the case, partial summation, expressed as the second line slope using 

iterative two-phase regression and the extent to which Piper’s law held, appeared to 

increase as a function of eccentricity. This trend fails to reach statistical significance 

when quantified as the second line slope of the spatial summation function, yet Piper’s 

law was exhibited for a significantly larger range of stimulus areas at 10° compared to 

2.5°. Both RA and partial summation are only partly mediated by RGC density under 

mesopic conditions, suggesting that alterations in receptive field characteristics at the 

level of the retina and/or visual cortex, rather than RGC density alone likely mediate 

spatial summation under the test conditions of this study. These study findings have 

identified discrepancies in the behaviour of spatial summation as a function of visual 

field eccentricity and the neurological basis of RA and partial summation under mesopic 
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adaptation conditions compared to photopic conditions. Perhaps more importantly in 

view of clinical microperimetry, relates to GIII largely operating under varying degrees 

of partial summation across the central visual field (2.5°-10°) in healthy observers. 

Although, GIII is much closer in size to RA under mesopic conditions compared to 

photopic conditions, we also observed that the shape of the hill-of-vision, and thus 

sensitivity to changes in photoreceptor and RGC density across the retina, is inversely 

related to stimulus area.  

 In the second study in this thesis, spatial, temporal and spatiotemporal 

summation were examined in a cohort with and without AMD. Whilst spatial and 

temporal summation characteristics have been established in a number of ocular 

conditions, these have been explored to a limited extent in AMD. One study suggested 

RA to remain unchanged in observers with early or intermediate AMD compared to 

controls (Zele et al. 2006), and another examining temporal summation found longer 

estimates of the critical duration in AMD compared to controls, this however failing to 

reach statistical significance (Brown and Lovie-Kitchin 1989). Such studies do not 

however reflect microperimetric examination conditions, and have used various 

methods for obtaining estimates of the upper limits of spatial and temporal summation 

respectively. Considering the limited exploration of spatiotemporal summation in AMD, 

and the relative impact of such mechanisms on stimulus selection in perimetric testing 

demonstrated in previous work in other diseases (Anderson 2006; Redmond et al. 2010a; 

Mulholland et al. 2015b; Rountree et al. 2018), the overarching aim of this study was to 

examine spatial, temporal and spatiotemporal summation characteristics in observers 

with early, intermediate and atrophic AMD compared to age-similar controls using a 

custom gaze-contingent photopic microperimetry test. In doing this, we hoped to 

establish the optimal stimulus parameters for use in microperimetry to improve the 

detection and monitoring of functional deficits in AMD. Estimates of RA produced 
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using an area-modulation test were found to be significantly larger in AMD compared to 

controls, with no statistically significant change in the critical duration between 

participant groups observed at all eight locations (four each at 2.5° and 5°). To our 

knowledge, this is the first study to demonstrate significantly enlarged local RA estimates 

in AMD compared to controls. We hypothesised that the observed alterations in 

localised RA estimates were due to a noise-compensatory mechanism acting to optimise 

visual sensitivity in a given region of the visual field damaged by AMD (e.g. drusen, 

pigmentary abnormalities, atrophy), determined by a number of locations along the 

visual pathway (i.e. retina, RGC receptive field organisation and the visual cortex). No 

corresponding alterations in the critical duration may be due to the processes or 

anatomical locations determining the size of RA being preferentially damaged in our 

AMD study cohort, whilst sparing those responsible for temporal summation. 

Furthermore, disease signal (i.e. test sensitivity) to AMD induced visual function deficits 

was significantly boosted for RA-scaled stimuli compared to GIII, this being 

independent of stimulus duration and visual field eccentricity.  

 To determine the relative effect of retinal changes in early. intermediate and 

atrophic AMD on spatial summation, an evaluation of the structure-function 

relationship was subsequently undertaken using OCT-derived retinal measures and 

corresponding RA estimates, in addition to contrast thresholds for a standard GIII 

stimulus. This work also seeked to determine if the improved test sensitivity of the RA 

stimulus over the conventional GIII stimulus modulating in contrast alone for the 

detection of AMD was accounted for by being better related to the AMD specific 

changes that occur in the retina. Considering AMD as a heterogenous retinal condition, 

often resulting in discrete macular lesions such as soft drusen (Klein et al. 1997; Van 

Leeuwen et al. 2003; Wang et al. 2003), reticular pseudodrusen (Cohen et al. 2007; 

Zweifel et al. 2010; Schmitz-Valckenberg et al. 2011; Xu et al. 2013; Kong et al. 2019) 
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and RPE (retinal pigment epithelium) abnormalities associated with drusen >63 μm in 

diameter (Davis et al. 2005; Ferris III et al. 2013), we also wished to establish the precise 

retinal layers that were altered in our cohort with early, intermediate and atrophic AMD. 

We observed significant negative relationships of moderate strength between contrast 

energy thresholds with RA-sized stimuli with RPE thickness and whole retinal thickness 

at 2.5°, these having steeper regression line slopes and higher correlation coefficient 

than relationships with GIII at the same locations. Interestingly, such trends were not 

observed at 5°. Energy thresholds with RA-sized stimuli and GIII were strongly positive 

and significantly associated with RGC number underlying each stimulus at 2.5° and 5°. 

All other retinal structures examined were not significantly related to energy thresholds 

with GIII and RA-sized stimuli at 2.5° and 5° (RGCL thickness, IPL thickness and outer 

retinal thickness). In contrast to the relationships with RPE thickness and whole retinal 

thickness, a strong, significant positive linear relationship was observed between 

estimated RA and the RGC number underlying stimuli at both visual field eccentricities. 

This further supports the results from previous structure-function studies that suggest 

AMD is primarily an outer retinal condition (Acton et al. 2012b; Wu et al. 2014d; 

Montesano et al. 2020b; Saßmannshausen et al. 2021). An increase in the number of 

RGCs as a function of estimated RA may also provide evidence for a cortical role in 

determining the size of RA in AMD, in contrast to previous studies that have found a 

constant number of RGCs (~14 or 31) underlying RA across the visual field (Swanson 

et al. 2004; Kwon and Liu 2019). In this case, the reduced input to RGCs as a result of 

outer retinal changes in the disease may lead to alterations in RA, this too serving as a 

noise-compensatory mechanism in response to reduced RGC density with retinal 

eccentricity. Furthermore, the observation of significant relationships of energy 

thresholds with RPE and whole retinal thickness at 2.5° but not at 5°, is likely to reflect 
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the heterogenous nature of AMD pathogenesis causing differences in structure-function 

correlations as a function of visual field eccentricity.  

 Finally, we sought to determine the effects of using different microperimetric 

stimulus parameters on an important element of the test, this being fixation stability on 

the central target. Poor fixation stability has been found to increase contrast thresholds 

(Leibowitz and Appelle 1969) and measurement variability (Hirasawa et al. 2016) in 

observers without eye disease, and affect mean deviation values in glaucoma patients 

(Ishiyama et al. 2015). Although microperimetry attempts to minimise the effect of 

fixation losses on contrast threshold measurements by adjusting stimulus position 

according to eye movements from the central target, similar diagnostic precision 

(Montesano et al. 2019) and structure-function relationships (Montesano et al. 2020a) 

have been demonstrated between microperimetry and SAP. Given the markedly reduced 

fixation stability previously observed during microperimetric examination in AMD 

observers (Longhin et al. 2013; Fragiotta et al. 2018), we wished to determine what 

patient (AMD present or absent) and stimulus parameters (area, duration and contrast 

relative to threshold) promoted good fixation behaviour during perimetric testing. 

Specifically, we examined the effects of disease status (AMD or control), stimulus area 

(GIII or RA-scaled), visibility (sub- or supra-threshold) and presentation duration (six 

Bridgeman durations ranging between 3.7 – 190.4 ms) on fixation stability. In doing this 

work, we wished to determine if the relative advantage in terms of test sensitivity of 

using perimetric test strategies probing alterations in RA result in better or worse 

fixation stability. In addition to the commonly used parametric, 68% bivariate contour 

ellipse area (BCEA: the area [min arc2] over which the eye is fixating 68% of the time), 

fixation stability was also quantified within each stimulus presentation window using 

mean Euclidean distance (MED: the average Euclidean distance [deg] from each tracked 

eye position form the mean position of all data points i.e. barycentre) and sequential 
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Euclidean distance (SED: the average Euclidean distance [deg] between each data point 

and the subsequent eye position in the temporal sequence of recorded data points). A 

four-way ANOVA revealed significant interaction effects between AMD disease status, 

stimulus area and presentation duration on fixation stability quantified with BCEA, 

MED and SED. Fixation stability was significantly reduced for supra-threshold stimuli 

and presentation durations >110 ms compared to the shortest stimulus (3.7 ms). In 

conclusion, fixation stability is influenced by stimulus area used (variable with RA-scaled 

stimulus compared to GIII), visibility (better with sub- vs suprathreshold stimuli) and 

presentation durations (better for short duration stimuli). It is also clear that fixation 

stability was significantly worse in the AMD cohort compared to control observers, 

irrespective of the quantification metric reflecting spatial (BCEA and MED) or temporal 

(SED) fixation characteristics. Improved fixation stability during microperimetry may be 

promoted in both healthy and AMD observers with stimuli of presentation durations 

<110 ms, likely due to such stimuli being shorter than the minimum velocity of saccadic 

eye movements (100-200 ms). Other alterations may relate to the number of sub- vs 

supra-threshold stimuli presented within a threshold measurement, this being a factor to 

consider in future test algorithm design.  

 

13.2 – Implications for visual field examination in AMD 

Findings from the above-mentioned studies all provide further support for the sub-

optimal performance of GIII in detecting AMD induced visual field deficits compared 

to stimuli designed to probe local spatial summation characteristics. Microperimetry is 

generally regarded as being more suitable than SAP for central visual field examination 

in observers who may have unstable or eccentric fixation (Midena et al. 2007a; Acton et 

al. 2011), the test also providing quantification of such features. A number of studies 
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within the literature have focused on the premise that conventional photopic 

microperimetry may be improved by utilising either mesopic, to probe either rod and 

cone function, or scotopic adaptation conditions, to probe rod function (Dinc et al. 

2008; Wu et al. 2014c; Wu et al. 2016a; Vujosevic et al. 2017; Sassmannshausen et al. 

2020). Despite such assumptions, it however appears that dark-adapted or scotopic 

microperimetry (at or around fixation) is required to probe rod and cone photoreceptor 

function rather than conventional mesopic microperimetry which is more likely to be 

cone-dominated (Crossland et al. 2012b; Simunovic et al. 2016). Yet, microperimetry 

under photopic, scotopic and mesopic adaptation conditions has been found to suffer 

from a number of limitations, including limited dynamic range (Chen et al. 2009b; 

Steinberg et al. 2017; Montesano et al. 2020b), significant measurement variability a 

poor-sensitivity to the effects of early and intermediate AMD (Maynard et al. 2016). 

Similar limitations related to SAP in the detection of glaucomatous damage have been 

minimised through the use of stimuli designed to probe alterations in spatial (Redmond 

et al. 2010a; Rountree et al. 2018) and temporal (Mulholland et al. 2015b) summation in 

glaucoma. In view of such findings, it is unsurprising that stimuli equal in size to the 

local upper limit of complete spatial summation (RA) may also be more appropriate 

than GIII to detect AMD progression using microperimetry where spatial summation is 

also altered as part of the disease process. This can be demonstrated by calculating 

summary (median) summation functions for each participant group with both stimulus 

forms and analysing the relative difference in energy thresholds (vertical offset) detected 

between AMD and control participants. Produced for study two within this thesis under 

adaptation conditions of photopic microperimetry, a considerably larger energy 

threshold deficit between AMD and control observers can be observed with the RA-

scaled stimuli compared to GIII at 2.5° and 5° visual field eccentricity, this being 

unaffected by stimulus duration (fig. 13.1). 
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- Fig. 13.1:  Median temporal summation functions generated for AMD (red) and 

control (blue) participants with (a-b) GIII stimuli and (c-d) Ricco’s area-scaled stimuli at 

2.5° and 5° visual field eccentricity. Arrows between functions represent the differences 

in energy thresholds between the two groups (vertical offset) as a function of stimulus 

duration for both stimulus forms. 

 

 Additionally, the log difference in energy thresholds between AMD and control 

participants, termed the disease signal, was calculated for each stimulus duration with GIII 

and RA-scaled stimuli at 2.5° and 5° visual field eccentricity (fig. 13.2). Statistically 

significant improvements in disease signal were observed with RA-sized stimuli 

compared to GIII. When later analysing structure-function relationships in AMD and 

control participants, the ability of RA-scaled stimuli to detect structural changes in 

whole retinal thickness (derived from OCT scans) was significantly greater (steeper 
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regression line slope) when compared to the standard GIII stimulus, modulating in 

luminance at 2.5º eccentricity. 

 

 

 

 

 

 

- Fig. 13.2:  Boxplots of disease signal (test sensitivity) for all six stimulus durations with 

the GIII stimulus (blue) compared to Ricco’s area-scaled stimuli (purple) at 2.5° (a) and 

5° (b) eccentricity. Outliers (defined as values outside the maximum whisker length of 

q1-1.5*(q3-q1), where q1 and q3 are 25th and 75th percentiles, respectively) are 

represented by “+” markers. Median values are represented by spot (GIII) or Ricco’s 

area-scaled stimuli (diamond markers). 

 

 

 The findings presented within this thesis suggest that photopic microperimetry 

using stimuli designed to probe spatial summation characteristics may provide a more 

sensitive functional biomarker to functional change representative of alterations in 

retinal structure due to early, intermediate and atrophic AMD. Stimuli of presentation 
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duration <110 ms may also promote better fixation stability during microperimetric 

examination. Of particular importance however, is to determine if any improvements in 

test sensitivity are offset by an increase in measurement variability. Further work is thus 

required to measure the ratio of test sensitivity to measurement variability (i.e. the signal-

to-noise ratio). Considering the potential improvement in fixation stability with stimuli 

<110 ms, SNR should be measured for a range of presentation durations with GIII area 

and RA-sized stimuli to identify the stimulus parameters that provide the optimum SNR 

in AMD. 

 

13.3 – Future work 

 

- Signal-to-noise ratio: While a marked increase in test sensitivity to the effects of 

early, intermediate and atrophic AMD were observed using a stimulus designed to 

probe altered spatial summation, it is unclear if this advantage is offset by a 

corresponding increase in measurement variability. Considering this, the ratio of 

microperimetry test sensitivity to measurement variability (i.e. signal-to-noise ratio), 

should be quantified for RA-sized stimuli. Undertaking this work for different 

stimulus durations (<110 ms vs 200 ms) is also warranted given our finding of 

improved fixation stability for short duration stimuli. This work would provide a 

more complete understanding of the effects of using microperimetric stimuli that 

probe spatial summation characteristics and promote improved fixation stability 

and determine if these are offset by increased measurement variability.  

 

- Replication of findings in neovascular disease: In this study we examined 

spatial summation in early, intermediate and atrophic AMD. AMD is however 
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acknowledged to be a heterogenous disease with the neovascular form of the 

condition being markedly different to the atrophic form. Further work is thus 

necessary to determine if similar changes in spatial summation occur in this form 

of the disease.  

 

- Further structure-function work: Strong positive correlations between estimated 

RA and RGC density in a group of AMD and control participants suggest cortical 

involvement in determining the size of RA in AMD. Nonetheless, AMD appears 

to be a heterogenous outer retinal condition with the inner layers (i.e. ganglion cell 

complex) becoming involved in later disease stages (Camacho et al. 2017) and the 

nature of such changes being dependent on foveal proximity (Trinh et al. 2020). 

Further work examining population receptive fields in the visual cortex and 

corresponding visual thresholds collected using stimuli designed to probe altered 

spatial summation may provide a more wholistic structure-function model, 

providing further insight to the structural and functional changes in the visual 

pathway that underpin our observation of altered spatial summation in the disease. 

 

- Prediction of future AMD progression: There is much interest in predicting 

what patients will progress in their lifetime to have significant vision loss associated 

with macular degeneration. Indeed, recent work using a deep learning algorithm 

has suggested that appropriate examination of OCT scans can predict the 

development of neovascular AMD (Yim et al. 2020). Considering the ability of 

perimetric stimuli scaled to the local RA to better probe alterations in outer retinal 

function, it is possible that longitudinal variations in AMD may be better detected 

and indeed predicted using a perimetric strategy using RA-scaled stimuli. This may 

take the form of combining a more appropriate functional measure (RA-sized 
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stimuli) with structural measures such as RPE elevation and rod and cone 

photoreceptor reflectivity, could improve the longitudinal detection of AMD 

progression using Bayesian statistics (Russell et al. 2012)	 
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Published Conference Abstracts 
 
 

Hunter AML, Anderson RS, Redmond Tony, Garway-Heath David F, Crossland Michael, 

Mulholland PJ. (2020) Fixation stability in standard automated perimetry is improved with short 

duration stimuli in patients with age-related macular degeneration and healthy controls. Invest 

Ophthalmol Vis Sci; 61(7): ARVO E-Abstract 3006. 

 

Hunter AML, Anderson RS, Redmond Tony, Garway-Heath David F, Crossland Michael, 

Mulholland PJ. (2019) Investigating the effect of visual field eccentricity on spatial 

summation in mesopic microperimetry. Invest Ophthalmol Vis Sci; 60(9): ARVO E-Abstract 

1171. 
	
	

	
Conference Presentations 
 
2020     Association for Research in Vision and Ophthalmology (Poster presentation – presented 

as published abstract due to conference cancellation) 
 
2019      British Congress of Optometry and Vision Science, Manchester, UK (Paper  
 presentation) 
 
2019 Association for Research in Vision and Ophthalmology, Vancouver, Canada (Poster 
 presentation) 
 
2018 Women in Vision UK, Liverpool, UK (Poster & one-minute rapid-fire presentation) 
 
 
 
 
Invited Presentations 
 
2019      Research presentation: ‘Investigation of spatial, temporal, and spatiotemporal 

summation with perimetric stimuli in age-related macular disease’, University College 
London (UCL), London, UK 

 
2019 Research presentation: ‘Exploring the spatiotemporal summation of microperimetric 
 stimuli in age-related macular disease’, City, University of London, London, UK 
 
2019 Lectures: ‘Investigating light collection over space and time in age-related macular 

disease’, local Macular Society groups (Antrim, Ballymena, Coleraine & Limavady), 
Northern Ireland, UK 

 
2018 Research presentation: ‘Exploring the spatiotemporal summation of microperimetric 

stimuli in age-related macular disease: an introduction’, UCL Institute of 
Ophthalmology, London, UK



 Appendix B 344 
	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: Ethical approval 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 	 345 

	

 

 

Version 4 (10/17)  1 

                RESEARCH GOVERNANCE 
 
RG3 Filter Committee Report Form  
 
Project Title  
 
 
Chief Investigator 
 
 
Filter Committee  
 
This form should be completed by Filter Committees for all research project applications in categories A 
to D (*for categories A, B, and D the University’s own application form – RG1a and RG1b – will have 
been submitted; for category C, the national, or ORECNI, application form will have been submitted). 
 
Where substantial changes are required the Filter Committee should return an application to the Chief 
Investigator for clarification/amendment; the Filter Committee can reject an application if it is thought 
to be unethical, inappropriate, incomplete or not valid/viable.   
 

Only when satisfied that its requirements have been met in full and any amendments are complete, 
the Filter Committee should make one of the following recommendations: 
 
The research proposal is complete, of an appropriate standard and is in   
 

• category A and the study may proceed*  
 

• category B and the study must be submitted to the University’s Research Ethics  
Committee**  Please indicate briefly the reason(s) for this categorisation 
 
 

 
• category C and the study must be submitted to ORECNI along with the necessary supporting 

materials from the Research Governance Section*** Please complete an IRAS form (in  
relation to the research involving samples from ORECNI 11/NI/0188)and submit to the filter 
committee for approval before submission to ORECNI for proportionate review.  

 
• category D and the study must be submitted to the University’s Research Ethics  
Committee** after having been reviewed again by the BMS Filter Committee. Please include 
 RG1d, RG1e, Research Protocol, Screening questionnaire, Risk Assessment if necessary, and  
either modified Consent form or modified Participant Info Sheet. 

 
 
 
 
 
 

Signed:             Date:  16th November 2017 
Chairperson/Administrator of Filter Committee 

 

Estimating Ricco’s area under adaptation conditions of microperimetry in 
healthy observers.   

 

Dr Pádraig J. Mulholland 
 
Biomedical Sciences 
 

ü 
 

 

 

 
 



	 	 346 

	

 

Version 4 (10/17)  1 

                RESEARCH GOVERNANCE 
 
RG3 Filter Committee Report Form  
 
Project Title  
 
 
Chief Investigator 
 
 
Filter Committee  
 
This form should be completed by Filter Committees for all research project applications in categories A 
to D (*for categories A, B, and D the University’s own application form – RG1a and RG1b – will have been 
submitted; for category C, the national, or ORECNI, application form will have been submitted). 
 
Where substantial changes are required the Filter Committee should return an application to the Chief 
Investigator for clarification/amendment; the Filter Committee can reject an application if it is thought to 
be unethical, inappropriate, incomplete or not valid/viable.   
 

Only when satisfied that its requirements have been met in full and any amendments are complete, the 
Filter Committee should make one of the following recommendations: 
 
The research proposal is complete, of an appropriate standard and is in   
 

• category A and the study may proceed*  
 

• category B and the study must be submitted to the University’s Research Ethics  
Committee**  Please indicate briefly the reason(s) for this categorisation 
 
 

 
• category C and the study must be submitted to ORECNI along with the necessary supporting 

materials from the Research Governance Section***  
 

• category D and the study must be submitted to the University’s Research Ethics  
Committee** after having been reviewed again by the BMS Filter Committee. Please include 
 RG1d, RG1e, Research Protocol, Screening questionnaire, Risk Assessment if necessary, and  
either modified Consent form or modified Participant Info Sheet. 

 
 
 
 
 
 
*The application form and this assessment should now be returned to the Chief Investigator.  The Filter 
Committee should retain a copy of the complete set of forms. 
 

Signed:             Date:  23rd May 2018 
Chairperson of Filter Committee 

 

Investigation of spatial, temporal and spatiotemporal summation in age-
related macular disease. 
 

Dr Padraig J. Mulholland 

Biomedical Sciences  FCBMS-18-107 

 
 

 

x 

 
 

 
 

 
 

 
 

 
 

 

 

 

 
 

 

 
 

 
 

 

 
 



	 	 347 

	

 



	 	 348 

	

 



	 	 349 

	

 



	 	 350 

	

 



	 	 351 

	

 



	 	 352 

	

 



	 	 353 

	

 



 Appendix C 354 
	

	

	
	
	
	
	
	
	
	
	
	

	
	

 

Appendix C: Study information sheets 

	

	
	
	
	
	
	
	



	 	 355 

	

	



	 	 356 

	

	



	 	 357 

	

	



	 	 358 

	

	



	 	 359 

	

	



	 	 360 

	

	



	 	 361 

	

	



	 	 362 

	

	



	 	 363 

	

	



	 	 364 

	

	



	 	 365 

	

	



	 	 366 

	

	



	 	 367 

	

	



	 	 368 

	



	 	    

	

	



	 	    

	



 Appendix D 371 
	 	    

	

	



 Appendix D 372 
	 	    

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

Appendix D: Study poster 

	
	
	
	
	
	
	
	



 Appendix D 373 
	 	    

	

Investigating Light Collection Over
Space and Time in Age-Related 

Macular Degeneration 
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The retina at the back of the eye absorbs light. It contains light sensitive cells and
nerve fibres which allow it to do this.  The central part of retina that provides us with 
our detailed, central vision is called the macula. Sometimes it can become damaged by 
eye diseases like in age-related macular degeneration (AMD). This can make daily living 
tasks like reading and driving very difficult and yet,  AMD is one of the leading causes of 

vision loss worldwide. 

This research study will investigate the ability of the visual system to detect spots of light 
of different sizes at various locations in the central retina in individuals affected by AMD 
and those with healthy eyes. This will aid our understanding of how light is absorbed in 
the human visual system and will inform the design of a clinical test specialised for the 

detection of AMD.
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